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Research on subterranean fauna on all continents has highlighted often high levels of 
endemism, for both troglobionts (terrestrial subterranean organisms) and stygobionts 
(organisms living in groundwater). In Australia, particularly in the arid zones of Western 
Australia, a rich hypogean assemblage has been discovered in the past few decades, 
largely due to surveys required as part of environmental impact assessments for, and 
imposed conditions on, mining operations. Bathynellidae (Crustacea) are part of the 
stygofaunal community, but to-date they are poorly understood, mainly because their 
conservative morphology, small size and delicate exoskeleton make their dissection, 
observation and study very difficult. Additionally, the incomplete description of the type 
genus and species of the family (Bathynella natans) have led to misidentifications and 
taxonomic/systematic uncertainties. Prior to this contribution, only one species of 
Bathynellidae had been described from Australia, and knowledge on their morphology, 
species/genera and distributional boundaries, inter- intraspecific variability, and origins 
were very limited.  
The overall aim of this research is to investigate diversity, patterns of distribution, and 
biogeographical history of Bathynellidae in Australia, focussing on the arid zones of 
Western Australia (particularly on the Pilbara region).The abundance of material already 
collected by different companies allowed a thorough morphological and molecular 
examination of many specimens. The study of multiple taxa occurring in different 
aquifers of the same and different catchments is carried out to explore intra-interspecific 
variability, species and distributional boundaries, and evolutionary histories. A molecular 
phylogeny including representative taxa from different continents is also built to put the 
Australian fauna into a worldwide context.  
Four new species and genera (Pilbaranella ethelensis, Fortescuenella serenitatis, 
Anguillanella callawaensis, and Muccanella cundalinensis) have been described, 
clarifying morphological and molecular intra- and interspecific boundaries. These 
represent the first four species described for Western Australia. One new subfamily, nine 
new genera, and 23 new species are recognised through molecular species delineation and 
preliminary morphological analysis. All species and most genera studied appear restricted 
to single aquifer systems in particular areas of a catchment. The molecular phylogeny of 
the Australian Bathynellidae indicates a complex history. The molecular clock analysis 
4 
 
suggests that aridification processes only partly influenced the diversification, while most 
of their diversity predate the establishment of the drought climate. The results indicate 
very old origins dated back to the end of Devonian-early Carboniferous, and a substantial 
increase in the rate of diversification during the Triassic-Jurassic period, which could 
represent multiple freshwater invasions, facilitated perhaps by sea level fluctuations. A 
consequent dispersion thanks to a much wetter climate may explain the presence of 
Bathynellidae in areas of the country that have not been influenced by marine 
transgressions since the Proterozoic. The molecular phylogeny including genera and 
lineages from other countries indicates that the Australian Bathynellidae form a 
monophyletic clade comprising different subfamilies distinct from the ones described 
from other continents. This better understanding will help to predict the potential 
diversity of this group in unstudied areas, and enable improved advice to government 
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Chapter I: Introduction 
 
The subterranean environment and its fauna 
The subterranean environment occurs in all continents and it comprises the network of 
caves, voids and fissures underneath the edaphic habitat (Culver & Pipan, 2009; Culver & 
White, 2005; Giachino & Vailati, 2010). It is classified as ‘extreme’ due to the complete 
absence of light and therefore primary production (Gibert & Deharveng, 2002; Huppop, 
2012). Energy comes from different sources such as chemoautotrophs, external 
percolating and flowing water carrying organic material, root systems, and active 
transition of animals that exploit the hypogean environment only for part of their life 
cycle or accidentally. Therefore, food is often scarce and unevenly scattered through 
space and time. Environmental parameters like temperature have very little variation, and 
relative humidity is usually close to saturation (Colombetta et al., 1989; Culver & Pipan, 
2009; Culver & White, 2005; McCann, 2013). 
Many organisms have adapted to the subterranean environment under similar 
evolutionary pressures, and are thus subject to convergent evolution (Carlos et al., 2010; 
Culver & Pipan, 2009). Common morphological characters of subterranean organisms 
include the reduction or lack of pigmentation, regression or loss of eyes and wings, 
elongation of the appendages and enhancement of sensory organs (Camacho & 
Valdecasas, 1992; Christiansen, 2012; Humphreys, 2000a). As food resources may be 
limited and vary both spatially and temporally, underground fauna respond with diverse 
physiological adaptations such as slow metabolism, lower fecundity and larger eggs 
compared with surface species, as well as high longevity (K strategy) (Humphreys, 
2000a; Huppop, 2012). Because of short trophic webs, limited variability of the 
environmental parameters, and paucity of food sources, the subterranean fauna are 
sensitive to environmental perturbations (Humphreys, 2000a; Marmonier et al., 1993). 
Subterranean fauna are usually classified into two groups: troglobionts (terrestrial 
hypogean organisms) and stygobionts (organisms living in groundwater). Many 
invertebrates live in the spaces between individual sand grains in aquatic sediments 
(interstitial fauna) and they can also be referred to as meio/micro/mesofauna. Some of 
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these taxa can become part of the stygofaunal community when the hyporheic zone is in 
contact with the phreatic zone (Culver & Pipan, 2009). Stygofauna can be found in fresh 
or saline waters, and often have larger distributions than troglofauna due to a larger 
suitable continuous environment, such as the presence of groundwater in different but 
adjacent geological layers, or due to flooding events that would increase the opportunity 
for dispersal (Barr & Holsinger, 1985; Christman & Culver, 2001; Lamoreaux, 2004). 
Stygofauna are collected not only from saturated fractures and voids, such as karst 
(limestone) and fissured rock (e.g. granite and dolomite), but also from saturated 
interstices in alluvial/colluvial deposits (Barr & Holsinger, 1985; Christman & Culver, 
2001; Holsinger, 1988; Marmonier et al., 1993). The most common groups of stygofauna 
are crustaceans, worms, snails, water mites and diving beetles. They play an important 
role in maintaining groundwater quality through purification and nutrient cycling 
(Boulton et al., 2008), so they are part of a system that provides ecosystem services. 
However in the last few decades, with an increase of water consumption due to human 
population growth, irrigation, agriculture, and mining, stygofauna have faced threats to 
their environment (Boulton et al., 2008; Hose & Stumpp, 2019; Stumpp & Hose, 2013). 
The origins of subterranean fauna 
Due to their often isolated habitat and/or limited dispersal abilities (Culver & Pipan, 
2008; Harvey, 2002; Holsinger, 1988; Humphreys, 2017), hypogean taxa have high levels 
of endemism. Moreover, many of these taxa do not have a local epigean relative, hence 
they represent relictual fauna that have survived surface environmental changes 
(Humphreys, 1993a). Many subterranean species are therefore ideal candidates to explore 
historical climatic and geological events (Holsinger, 1988; Humphreys, 1993b, 2008, 
2017; Noodt, 1968).  
The ‘climatic relict’ and the ‘adaptive shift’ are the two main hypotheses invoked to 
explain the origins of subterranean fauna (Holsinger, 2000; Peck & Finston, 1993; Rouch 
& Danielopol, 1987). The ‘climatic relict’ hypothesis assumes that subterranean animals 
originated from a widely distributed epigean ancestor that moved underground to escape 
adverse climatic conditions, such as aridity or glaciations. Subterranean populations 
would then represent relicts that survived in underground isolated refugia, while surface 
populations became extinct (Barr & Holsinger, 1985; Holsinger, 1988; Humphreys, 
2000b) According to this hypothesis, speciation is allopatric and vicariance would be the 
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main driver of diversification (Culver & Pipan, 2009). The ‘adaptive shift’ hypothesis, 
instead, proposes that subterranean animals originated from an epigean ancestor that 
actively moved underground to exploit new niches or food resources without having been 
driven by climatic changes. In this case speciation is parapatric and forced by different 
selective pressures imposed by the two environments (epigean and subterranean) 
(Desutter-Grandcolas & Grandcolas, 1996; Howarth, 1973, 1987; Howarth & Hoch, 
2005). 
Australian paleoclimate, subterranean fauna and conservation implications 
Most of the Australian continent is classified as arid and semiarid, with 80% of the land 
receiving less than 600 mL annual rainfall (Australian Bureau of Meteorology). However, 
prior to the increase in aridity in the Mid Miocene (about 10 Ma), Australia was covered 
in mesic forests (Bowler, 1976; Byrne et al., 2008; Quilty, 1994). Rifting of Pangea 
started in the Early Triassic and increased around 200 Ma ago, while spreading began in 
the Middle Jurassic (175-150 Ma) with the separation of Gondwana (Golonka, 2007; 
Golonka & Ford, 2000). By 130 million years ago (Ma) in the Lower Cretaceous, India, 
Australia and Antarctica had begun to separate with Australia drifting north, away from 
Antarctica (Wilford & Brown, 1994). There is evidence of a wetter homogeneous climate 
in the Late Cretaceous (70 Ma) with subsequent formation of alluvial channels in the west 
of Australia (60 Ma) (Van de Graaff et al., 1977; Wilford & Brown, 1994). Between the 
Oligocene and Miocene, with the development of ice in Antarctica and the drift of 
Australia towards the equator (Morgan, 1993; Wilford & Brown, 1994), Australia 
experienced wet and dry periods (Byrne et al., 2008), with a steady rainfall reduction 
from the Mid Miocene (about 10 Ma) that led to the modern arid climate in the northwest 
of the continent by the Pliocene (about 5 Ma) (Wyrwoll, 1993). For the major part of the 
time since the Pliocene, Australia has had a low humidity regime (Quilty, 1994), which 
has influenced the distribution of flora and fauna (Byrne et al., 2011; Byrne et al., 2008). 
Due to the arid climate established during the Cainozoic, and lack of Pleistocene 
glaciations, Australia was thought to host a depauperate subterranean fauna (Hamilton-
Smith, 1967; Moore, 1964). However, studies on the arid tropics of the North West Cape 
(which includes the Cape Range National Park) uncovered a rich and unique aquatic and 
terrestrial subterranean fauna with many endemic species and genera (Humphreys, 1993b; 
Humphreys & Adams, 1991). Further research on the arid zones of Western Australia 
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(WA), particularly in the Pilbara and Yilgarn regions, also revealed a great variety of 
hypogean fauna (Eberhard, Halse & Humphreys, 2005; Guzik et al., 2010; Halse, 2018). 
The discovery of such extraordinary diversity in an atypical habitat (namely the arid 
zones) promoted the exploration of hypotheses to explain subterranean fauna origins in 
the north west of the continent. According to the ‘climatic relict’ hypothesis, many 
species escaped from the xeric conditions established at the end of the Tertiary by moving 
underground, where humidity and water resources persisted, leading to a pattern of many 
different subterranean taxa confined to few isolated suitable habitats with restricted 
distributions (Harvey, 2002; Humphreys, 2008). Recent phylogenetic analyses conducted 
on the subterranean pseudoscorpions of the Pilbara and Yilgarn (Harrison et al., 2014), 
schizomids of the Pilbara (Abrams et al., 2019; Harms et al., 2018), and terrestrial 
isopods of the Yilgarn (Javidkar et al., 2018) showed species radiations coinciding with 
the aridification (between 15 and 1.75 Ma), multiple colonisations by putative epigean 
ancestors, and taxa with restricted ranges of distribution. 
Further, biogeographical studies of groundwater dwellers clarified stygofauna origins and 
connectivity in the Pilbara and Yilgarn. Diversification times estimated for the stygobitic 
amphipods and isopods from the Pilbara support the ‘climatic relict’ hypothesis, 
indicating that distributions of these groups of taxa reflect catchment and tributaries 
boundaries (perhaps also influenced by an increase in salinity downstream as aridification 
became more widespread (Humphreys, 2001)), however different patterns of groundwater 
colonization were involved for each group (Finston, Francis & Johnson, 2009; Finston et 
al., 2007). Similarly, research done on stygobitic dytisciids (Cooper et al., 2002; Leys et 
al., 2003), amphipods (Cooper et al., 2007), and isopods (Cooper et al., 2008) of the 
Yilgarn suggests a diversification time coinciding with the aridification processes started 
in the Mid-Miocene. These studies led to the subterranean islands hypothesis, where 
calcrete aquifers represent “islands under the desert”, harbour diverse and unique 
assemblages, and are isolated from one another by unsuitable habitat for stygofauna 
(Cooper et al., 2002).  
The rapid increase in the discovery of underground taxa is in part a result of many 
environmental surveys conducted on behalf of mining companies under regulatory 
requirements (Eberhard, Halse & Humphreys, 2005; Guzik et al., 2010). Several areas of 
Australia (in particular the Pilbara and Yilgarn regions) are economically important for 
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their mineral deposits. In recent decades the mining industry has expanded so rapidly that 
environmental disturbance has become a matter of concern for governments (McKenzie, 
van Leeuwen & Pinder, 2009). In 1986 the Western Australian (WA) Government 
released the Environmental Protection Act to prevent or control harm to the environment. 
The WA Environmental Protection Authority (EPA) developed a series of guides 
specifically for subterranean fauna (Environmental Protection Authority, 2003, 2007, 
2013), which have become, in the past 20 years, an important component of the 
assessments for mining projects in the state (Karanovic et al., 2013). 
Understanding of the diversity of stygofauna and troglofauna has increased dramatically 
in the past few decades, especially in the arid zone of WA. However, poorly known 
groups of subterranean fauna represent a challenge for Environmental Impact 
Assessments (EIAs). An understanding of species and distributional boundaries, together 
with a knowledge of intra- and interspecific diversity are needed for each taxon, but for 
many subterranean groups there is a lack of a robust framework with which to work. The 
crustacean family of Bathynellidae is one such group. 
Bathynellidae: a neglected family in Australia and in the world 
Bathynellidae Grobben, 1905 is a family of the stygofaunal order of Bathynellacea 
(Camacho et al., 2018), which also includes Parabathynellidae Noodt, 1965. A third 
family, Leptobathynellidae, is accepted by some authors (Camacho, 2019; Camacho et 
al., in press; Ranga Reddy & Totakura, 2012), but not by others (Drewes & Schminke, 
2011). Bathynellacea are small syncarid crustaceans that live in interstitial and 
subterranean environments (groundwater, springs, caves, wells and the interface between 
surface water and groundwater: hyporheic environment) (Camacho, 2019; Coineau & 
Camacho, 2013). They have worldwide distribution (although currently unknown from 
Antarctica), and feed on microorganisms, fungi, detritus, and other organic remains, while 
some species are predators of other small crustaceans such as harpacticoid copepods 
(Camacho & Valdecasas, 2008). They lack a free-swimming larval stage and hence have 
limited dispersal abilities (Schminke, 1981). Because of their distribution and confined 
habitat, Bathynellacea are ideal candidates to explore biogeographical hypotheses 
(Humphreys, 2017; Schminke, 1974). 
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All continents lack a systematic study of this order (Camacho, 2019). The Iberian 
Peninsula and Balearic Island have been intensively sampled, and Bathynellacea diversity 
and distributions have been studied using morphological and molecular data. In these 
countries Parabathynellidae species seem to have relatively wide distribution, while most 
of the Bathynellidae taxa are restricted to a particular tributary (Camacho, Dorda & Rey, 
2014). Studies conducted on the Australian Parabathynellidae discovered an unexpected 
diversity with many endemic genera (Abrams et al., 2013; Camacho & Hancock, 2010, 
2012; Cho, 2005; Cho & Humphreys, 2010; Cho, Humphreys & Lee, 2006; Cho, Park & 
Humphreys, 2005; Cho, Park & Ranga Reddy, 2006; Hong & Cho, 2009; Little & 
Camacho, 2017; Morimoto, 1978; Schminke, 1972, 1973) and species with very short 
ranges of distribution (Abrams et al., 2012; Asmyhr et al., 2014; Cook et al., 2012; Guzik 
et al., 2008; Little et al., 2016). 
Less attention has been given to the Bathynellidae, which previous to this contribution 
counted only 31 genera and 105 species described all around the world (Camacho et al 
2007; Camacho personal comment). Their conservative morphology (due to similar 
selective pressure and consequent convergent evolution in the subterranean environment 
(Camacho et al., 2018)), small size, and delicate exoskeleton (which tends to be almost 
completely digested when mounted on slides with common mounting media, such as 
Hoyer, Euparal, and Faure (Camacho personal comment; personal observation)) make 
their dissection, observation and study very difficult. These issues, together with the poor 
description of the type genus and species of the family, Bathynella natans (Vejdovsky, 
1882), have led to misidentifications and taxonomic/systematic confusion and 
uncertainties, particularly in the genus Bathynella. However, in the past few years 
molecular tools have been used to support morphology, build phylogenies to analyse the 
relationships among taxa, and to understand their origins (Camacho, Dorda & Rey, 
2013a, 2013b; Camacho et al., 2018).  
Currently, there are neither epigean relatives nor fossil data for the order Bathynellacea 
(Camacho et al., 2002; Lopretto, 2014), hence the debate on their origins 
(thalassostygobiont1 (Boutin & Coineau, 1990; Camacho & Coineau, 1989; Camacho & 
Valdecasas, 2008; Coineau & Boutin, 1992) versus limnostygobiont2 (Schminke, 1974, 
                                                             
1 Stygofauna originating from a marine ancestor (see chapter VI) 
2 Stygofauna originating from an epigean freshwater ancestor (see chapter VI) 
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1981, 2014)) is still unresolved. Their Pangean distribution and the fossil record dating of 
one of the extinct related Syncarida order, the Palaeocaridacea (Schminke, 1974; Schram, 
1984), suggest that Bathynellacea ancestors were already present in the Carboniferous-
Permian period. They were possibly living in the warm seas in the Boreal Hemisphere 
and successively spread towards Gondwana before Pangea breakup, as Brooks (1962) 
proposed for their relatives Palaeocaridacea; they adapted to the surface or interstitial life 
towards the late Palaeozoic early Mesozoic, and subsequently invaded subterranean fresh 
water (Coineau & Camacho, 2013). It is also possible that stygobitic ancestors further 
speciate in different times and through different mechanisms within the subterranean 
environment (Trontelj, 2018). 
In Australia, Bathynellidae occur in many aquifers, but (prior to this contribution) only 
one species was described, Bathynella primaustraliaensis (Schminke, 1973), and was 
probably placed in the wrong genus (Camacho et al., 2018; Serban, 2000). Although there 
is a lack of taxonomic descriptions, a few studies conducted on Bathynellidae using 
molecular approaches suggest quite a diverse fauna with restricted distributions (Abrams, 
2012; Cook et al., 2012; Little et al., 2016). However knowledge of their morphology, 
taxonomic and distributional boundaries, and inter- intraspecific variability, and origins 
were very scarce. 
Collection of Bathynellidae 
Collecting Bathynellidae can be difficult, especially when it involves sampling caves and 
remote areas. Their abundance is often quite low, hence studying the real diversity of 
bathynellids in an area is quite challenging (Camacho, 2019). In the arid zones of WA 
there are very few caves and most of the rivers and creeks are ephemeral. In these areas, 
sampling for stygofauna can be quite time consuming, expensive, and it relies almost 
entirely on pastoral wells and boreholes pre-drilled by mining companies (Figure 1.1) 
(Halse, 2018). However, abundant material collected in the past few years, particularly 
from the Pilbara region, as described above, has revealed an unexpected diversity of 
subterranean fauna (Eberhard, Halse & Humphreys, 2005; Halse et al., 2014; Humphreys, 




Figure 1.1: sampling stygofauna in the Pilbara using a pre-drilled borehole (Photo © G. Perina) 
Bathynellidae specimens collected during surveys conducted between 2008 and 2015 
represent the material used in this research. Three areas (Ethel Gorge in the Upper 
Fortescue River, Central Hamersley Range in the Lower Fortescue River, and 
Goldsworthy area in the north of the De Grey River, Figure 1.2) have been chosen for a 
systematic study of the morphological and molecular intra-interspecific variability 
because of an abundance of specimens collected.  





Figure 1.2 Sample locations (red dots), catchments boundaries (grey lines), and the three areas studied in 
depth (blue circles). 
Collecting Bathynellidae is not the only challenge associated with the study if this group. 
Other difficulties are dealing with fragile and extremely small specimens, required for 
taxonomic work, and the very conservative morphology of the family (Camacho et al., 
2018). 
Combined methodologies 
Taxonomy based on morphological differences between organisms is the oldest tool for 
assessing biodiversity, where a certain display of characters defines genera and species. 
The morphological approach has been chosen to describe new species and genera, to 
highlight important characters for future morphological work, and to put the Australian 
fauna into worldwide context. However, traditional taxonomy presents some limitations: 
most of the time only adults of one of the two sexes display the distinctive characters; 
specimens can be damaged; or convergent evolution can result in different species being 
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indistinguishable by morphology. In this case, when two or more species have been 
classified as one by traditional taxonomy, they are considered cryptic species (Bickford et 
al., 2006). Additionally, Bathynellidae have a very conservative morphology, therefore 
different tools are needed to better identify taxa, construct a robust phylogeny and explore 
their origins (Camacho, 2019).  
Molecular techniques such as allozymic variation (Finston & Johnson, 2004) and genetic 
sequence divergence, are now commonly used to assess biodiversity globally (Bradford et 
al., 2009; Camacho, Dorda & Rey, 2012; Guzik et al., 2008; Hebert et al., 2004; Murphy, 
King & Delean, 2015). For the present study the mitochondrial cytochrome c oxidase I 
(COI), commonly used for studies at species level (Hebert, Ratnasingham & deWaard, 
2003; Lefébure et al., 2006), and the nuclear rRNA 18S, useful for older divergences 
(Boyko et al., 2013), were the only genes successfully used on Bathynellacea (Abrams et 
al., 2012; Camacho, Dorda & Rey, 2013a, 2013b; Guzik et al., 2008; Little et al., 2016) 
prior to this work. The universal primers 16SarL and 16SbrH (Palumbi et al., 1991) had 
little (Camacho et al., 2002), or no success (Abrams, 2012) amplifying the mitochondrial 
16S in Parabathynellidae, while it has never been used for studies on the Bathynellidae. A 
multilocus phylogeny can offer a more robust systematic framework (Page et al., 2018) 
and more accurate species delineation (Murphy, King & Delean, 2015), therefore 
additional mitochondrial and nuclear markers have been tested and used in this research. 
COI genetic divergence thresholds have previously been used to support morphology 
and/or detect cryptic species in Bathynellacea (Abrams et al., 2012; Camacho, Dorda & 
Rey, 2011). However, quantitative methods applied to molecular data to define species 
have been recently employed (Harms, 2018), avoiding threshold issues presented by some 
highly structured subterranean populations (Asmyhr & Cooper, 2012). This is why two 
molecular species delineation methods applied on different markers (Automatic Barcode 
Gap Discovery (ABGD) (Puillandre et al., 2012) and Poisson Tree Processes (PTP) 
(Zhang et al., 2013)), and traditional alpha taxonomy have been combined in this study to 
delimit Bathynellidae species. The two molecular species delineation methods used had 
been chosen, amongst many, for their fast computational time, easy access, and suitability 
to the dataset obtained. The first method (ABGD) uses sequence alignments and an 
automatic procedure to find the “barcode gap”, recognised when the divergence among 
individuals belonging to the same putative species is smaller than divergence among 
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individuals from different species. The second method (PTP) is based on phylogenetic 
trees and sequence clusters that represent Operational Taxonomic Units (OTUs), 
coinciding in some cases with putative species. These methods can overcome problems 
with traditional threshold approaches, however they have limitations, for example they 
can infer a larger number of putative species, and are influenced by the number of 
sequences selected and the divergence time (Luo et al., 2018). Additionally, single locus 
delimitations can fail to recognise some species (as in the case of the two fungal species 
identified by distinct reproductive strategies and distributions (Wei et al., 2016)), since 
they rely on gene phylogenies which do not always reflect the lineage history (Carstens et 
al., 2013; Murphy, King & Delean, 2015). 
Project aims 
To understand Bathynellidae diversity, distribution, and origins, knowledge of modern 
hydro-geology, ancient landscapes, and climatic events that shaped bioregions in different 
continents are fundamental. Additional information about their time of diversification 
could also help to elucidate their ancestors’ history and mode of groundwater 
colonisation. From a conservation point of view, the difficult morphology and complex 
population structure of Bathynellidae often present an issue for Environmental Impact 
Assessments. Their restricted distribution and delicate habitat make them vulnerable to 
groundwater changes, therefore an accurate analysis of the populations occurring in 
different aquifers, especially when dewatering plans are in place for human consumption 
or mining operations, is needed to better protect and preserve this family. 
The overall aim of this research is to investigate diversity, patterns of distribution, and 
biogeographical history of Bathynellidae in Australia, focussing on the arid zones of WA 
(particularly on the Pilbara region). A systematic investigation at aquifer, catchment, 
region, and continent level is carried out to understand their diversity at different levels of 
the spatial scale. The morphological analysis is supported by molecular data using 
mitochondrial and nuclear DNA at all levels of the study. The genetic information is used 
to construct the phylogeny of the group, explore the relationships amongst taxa and their 
time of divergence. Additionally, Australian Bathynellidae diversity is placed within a 




The following specific aims were sought: 
1. to develop a method for the dissection and preparation of bathynellids that allows 
their morphological study and preservation (Chapter II);  
2. to study Bathynellidae diversity at local level (aquifer) to understand morphological 
and molecular intra-interspecific variability, species and distributional boundaries, 
and to build a robust framework to work with (chapter III);  
3. to analyse the intra-river catchment relationship between the Bathynellidae 
communities upstream and downstream in one of the main catchments in the 
Pilbara (the Fortescue River one) to thereby examine the influence of the catchment 
hydrology on bathynellids distribution (chapter IV); 
4. test the role of allopatric speciation in Bathynellidae in an ideal setting, such as the 
perched aquifers of the Cleaverville formation in the north of the De Grey 
Catchment (Pilbara), and analyse the inter-river catchment relationships for 
Bathynellidae between the De Grey and Fortescue catchments, within the same 
region (Chapter V); 
5. to explore the evolutionary origins, diversity and distribution of the family at 
continental scale (Chapter VI); 
6. to put the Australian Bathynellidae into worldwide context (Chapter VI). 
Chapter VII summarises the results and the scientific contributions of this research, and 
discusses limitations, conservation implications and future directions. 
A better understanding of origins, biodiversity and distribution of a poorly known group 
of groundwater fauna (such as Bathynellidae) will help to predict the potential diversity 
of this group in unstudied areas and therefore preserve and protect their delicate 
environment. A comprehensive study of Bathynellidae will also improve impact 
assessments, management and monitoring of groundwater and underground resources, 
especially in a region where human activities have put pressure on the environment. This 
research will also provide a bench-mark study to assess the biodiversity of Bathynellidae 
in other areas of the country, and an approach to use on other continents. Finally, it is 
envisaged that the systematic analysis of some of the significant communities in the 
Pilbara will provide a useful framework for government agencies, environmental 
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Chapter V: The role of allopatric speciation and ancient origins of 
Bathynellidae (Crustacea) in the Pilbara (Western Australia): two new 
genera from the De Grey River catchment 
 
Abstract 
The stygofaunal family of Bathynellidae, is an excellent group to study the processes that 
shape diversity and distribution, since they have unknown surface or marine relatives, 
high level of endemism, and limited dispersal abilities. Recent research on Bathynellidae 
in Western Australia (Pilbara) has uncovered new taxa with unexpected distributions and 
phylogenetic relationships, but the biogeographical processes that drive their 
diversification on the continent are still unclear. By exploring the diversity, distribution, 
and divergence time of Bathynellidae in a setting such as the perched and isolated 
aquifers of the Cleaverville Formation in the north of the De Grey River catchment 
(Pilbara), we aim to test the hypothesis that vicariance has shaped the distribution of this 
family, specifically if one or multiple vicariant events were involved. We analysed the 
specimens collected from perched water in different plateaus of the Cleaverville 
Formation, combining morphological and molecular data from mitochondrial and nuclear 
genes. We described two new species and genera (Anguillanella callawaensis gen. et sp. 
nov. and Muccanella cundalinensis gen. et sp. nov.), and two additional taxa are 
recognised using morphology and/or Automatic Barcode Gap Discovery and Poisson 
Tree Processes species delimitation methods. New genera and species result restricted to 
isolate perched aquifers on single plateaus, and their distributions, phylogenetic 
relationships, and divergence time estimates support multiple vicariant events and ancient 
allopatric speciation.  
Introduction 
Subterranean species distributions are often restricted, and confined to particular 
geologies, for example isolated karst systems, limestone, fractured banded iron 
formations (BIFs), and porous hyporheic systems (Culver & Pipan, 2008; Harvey, 2002; 
Humphreys, 2017; Trontelj et al., 2009). For this reason many subterranean taxa are 
considered short-range endemics (SREs, sensu Harvey (2002). Their small geographic 
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ranges, and high rate of endemism make them ideal candidates to explore historical 
climatic and geological events. For example ice sheet coverage during the Quaternary 
glaciations influenced the distribution of the subterranean amphipod species of 
Stygobromus in north America (Holsinger, Carlson & Shaw, 1997) and Niphargus virei in 
France (Foulquier et al., 2008). The occurrence of the cirolanid isopod Antrolana lira in 
areas formerly submerged by the ocean, confirms the role of marine transgression in 
shaping cirolanid distributions (Holsinger, Hubbard & Bowman, 1994), and the presence 
of troglobitic salamanders in Texan caves suggests the ancestor of this radiation migrated 
underground to survive climate aridification (Sweet, 1982). 
Aquatic subterranean animals (stygobionts) often have larger distributions than terrestrial 
subterranean animals (troglobionts) (Barr & Holsinger, 1985; Christman & Culver, 2001; 
Lamoreaux, 2004). This can be due to a larger suitable continuous environment, such as 
the presence of groundwater in different but adjacent geological layers, or to flooding 
events that would increase the opportunity for dispersal (Lamoreaux, 2004). Small 
stygobionts are collected not only from karst areas, but also from saturated interstices in 
alluvial/colluvial deposits (Barr & Holsinger, 1985; Christman & Culver, 2001; 
Holsinger, 1988; Marmonier et al., 1993). In other cases, distributions of stygofaunal 
species can be restricted to small areas (Eberhard et al., 2009). Geographically close 
aquifers can be isolated by impermeable or semi-impermeable material such as clay, 
mudstone or other deposits with very low hydraulic conductivity. Accordingly, adjacent 
groundwater bodies can harbour different stygofaunal species. For example, calcrete 
aquifers in ancient palaeochannels of the Yilgarn region, in the arid zone of Western 
Australia, are considered “islands under the desert” and host different stygofauna 
communities (Cooper et al., 2002; Cooper et al., 2008; Guzik et al., 2008; Humphreys et 
al., 2009; Karanovic & Cooper, 2011).  
To be recognised as perched, aquifers are located above the regional water table, in the 
vadose zone (the unsaturated zone below the land surface). This occurs when there are 
layers of rocks or sediments with very low permeability such as clay, granite or 
mudstone, above the main water table but below the land surface (Fitts, 2012). Perched 
aquifers commonly form in arid, semi-arid climates (Sedghi, 2016), and can be 
occasionally connected to local aquifer systems, particularly during rain seasons and 
flooding events (Johnson & Wright, 2001). Perched aquifers within the same area in arid 
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regions (isolated or partially isolated from regional groundwater), were probably 
historically connected during groundwater table fluctuations, and/or marine 
transgressions. For example, perched aquifers in the arid zones of Western Australia were 
interconnected during wetter periods when large river systems were flowing and water 
table was higher (BMR Palaeogeographic Group, 1990; González-Álvarez, Salama & 
Anand, 2016; Van de Graaff et al., 1977). 
The Pilbara region, in the arid zone of Western Australia, exhibits many different types of 
aquifers, sometimes with complex hydrological connectivity. Groundwater can be 
contained in unconsolidated sedimentary aquifers (alluvium and colluvium in Cainozoic 
valley fills), chemically deposited aquifers (mainly formed by calcrete and limonite 
within alluvium and colluvium formations), and fractured rock aquifers, comprising 
Precambrian basement rock (like BIFs, dolomite and sandstone) and distinct types of 
aquifers can occur in the same area (Johnson & Wright, 2001). Perched aquifers are also 
present in the region in various geologies (Department of Water, 2016; Hickman, Chin & 
Gibson, 1983; Johnson & Wright, 2001; WorleyParsons, 2012). Aquifers are recharged 
by rainfall and surface water, are generally fresh to brackish (Department of Water, 2010) 
and host a highly diverse stygofauna. Halse (2018) estimates 1329 stygofaunal species for 
the Pilbara alone, whose distributions reflect in part the hydrogeological complexity of 
the region (Brown et al., 2015; Finston, Francis & Johnson, 2009; Finston et al., 2007; 
Perina et al., 2019). 
Bathynellidae are a common component of stygofauna in different aquifers of the Pilbara 
region, including perched aquifers. They represent an ideal taxon to test biogeographic 
hypotheses as they are confined to the interstitial and subterranean environment, have no 
known epigean or marine relatives, and have limited dispersal abilities (Coineau & 
Camacho, 2013; Humphreys, 2008; Schminke, 1974). The impediments of conservative 
morphology and poorly resolved taxonomy, often leading to inaccurate species 
identifications (Camacho et al., 2018), have been alleviated in recent years, by molecular 
tools which have been used to integrate morphological species studies and resolve 
phylogenetic relationships among taxa (Camacho, Dorda & Rey, 2013a, 2013b; Camacho 
et al., 2002). Understanding of the Australian bathynellids is still limited, but a recent 
study from one of the major catchments in the Pilbara, the Fortescue, revealed distantly 
related taxa within the same catchment and even within the same aquifer (Perina et al., 
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2018; Perina et al., 2019), suggesting a complex and ancient biogeographical history. 
Similar results have been obtained in a study of bathynellids in south Queensland (Little 
et al., 2016). All investigations conducted so far in Australia, though, do not clarify the 
biogeographical processes that can drive Bathynellidae diversification on the continent. 
In this study we aim to test vicariance in a setting that is apparently ideal; the perched 
aquifers of the Cleaverville formation in the north of the De Grey River in the Pilbara 
(Figure 5.1). This formation comprises ridges formed by Precambrian Banded Iron 
Formations (BIFs) containing perched water partially isolated from the regional alluvial 
aquifer (Dames & Moore, 1992; Hickman, Chin & Gibson, 1983). In the past these 
perched aquifers were interconnected by higher water table during the Upper 
Cretaceous/Early Tertiary (BMR Palaeogeographic Group, 1990; González-Álvarez, 
Salama & Anand, 2016; Van de Graaff et al., 1977), and by marine transgressions which 
occurred in different ages (Artinksian, Oxfordian, Aptian) (Hickman, Chin & Gibson, 
1983), when dispersal between aquifers, or the origin of a marine ancestor into the 
system, may have been facilitated. By exploring patterns of diversity (through 
morphological and molecular tools), species distribution, and divergence time of 
Bathynellidae in the north of the De Grey River catchment, we aim to test two 
hypotheses. 1) a single vicariant event (for example a marine regression) isolated the 
perched aquifers at the same time, and therefore stygofauna, in different ridges and 
allopatric speciation occurred. The phylogeny expected would then show short internodes 
amongst the taxa identified, and low node support. 2) several vicariant events (geological 
events such as valley erosion and water level fluctuations) fragmented the ancestral 
population gradually in different ridges at different times. We would then expect multiple 
ancestors (nodes) at different times, with bathynellids occurring on the ridge separated by 




Figure 5.1: The Pilbara bioregion with the five major catchments. In red the Goldsworthy study area in the 
De Grey River catchment, east of Port Hedland town. 
Material and Methods 
Study area and groundwater sampling methods 
The study area (the former Goldsworthy mining area) is located 170 km East of Port 
Hedland, in the north of the De Grey River catchment (Figure 5.1), one of the main 
catchments of the Pilbara bioregion, in the arid zones of WA. It comprises low hills, 
plateaus alternate with sandy plains and sporadic claypans. Different ridges of about 260 
m Australian Height Datum are part of the Cleaverville Iron Formation (such as Callawa, 
Cundaline and Yarrie ridges), fractured and weathered Archean-aged formation 
(Hickman, Chin & Gibson, 1983; Williams, 2003). Small and large gaps (for example 
Shay and Kimberley Gap) between the ridges allow the passage of many ephemeral 
creeks that run through the area (Dames & Moore, 1992). Aquifers occur in the alluvial 
deposits, mainly in the De Grey River and Eel Creek, and in the Archean bedrock that 
forms the ridges in the area. There is evidence of a perched aquifer on Yarrie Ridge 
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confined by granite and mudstone layers that underlie the BIF (see Figure 3.2 in Dames & 
Moore, 1992). Rainfall recharges the perched aquifer through infiltration of the 
permeable BIF on the plateau, but the low hydraulic conductivity of the beneath layers 
makes the discharge into the regional water in the alluvial of the De Grey and Eel Creek 
very slow (Dames & Moore, 1992; Williams, 2003). All ridges of the Cleaverville 
Formation abut granitic rocks (Hickman, Chin & Gibson, 1983) therefore groundwater 
contained in the BIF is partially isolated from the regional groundwater. In geological 
time frames, water tables have fluctuated much more than today, interconnecting the 
perched aquifers, with wetter periods of higher water levels, for example in the 
Cretaceous-Early Tertiary (BMR Palaeogeographic Group, 1990; González-Álvarez, 
Salama & Anand, 2016), and other periods where most of the area was submerged by 
marine transgressions, for example in the Artinksian, Oxfordian, and Aptian (Hickman, 
Chin & Gibson, 1983). Connection and isolation of the perched aquifers probably 
occurred at different times, but with aridification processes starting in the Mid-Miocene 
in the north of Western Australia (Byrne et al., 2008; Macphail & Stone, 2004; Van de 
Graaff et al., 1977), water tables have dropped steadily, isolating the aquifers in the area. 
In 2009 BHP Billiton proposed to mine Callawa and Cundaline ridges, therefore 
subterranean fauna surveys were carried out to contribute to the development of advice 
and recommendations to the Minister of the Environment on the proposal (Environmental 
Protection Authority, 2007, 2009). A preliminary molecular analysis conducted on 
Bathynellidae identified two lineages from Cundaline and Yarrie ridges respectively 
(Helix Molecular Solution, 2009), but specimens from Callawa ridge were not included in 
the analysis, therefore uncertainties on how many taxa are present in the area, and their 
relationships were unresolved (Subterranean Ecology unpublished data). 
Given the presence of Bathynellidae in different ridges of the Cleaverville Iron 
Formation, the water table fluctuations over geological time, the drought climate 
established by the Pliocene (Macphail & Stone, 2004) and the perched aquifers 
subsequently partially isolated from one another and from regional groundwater, we 
believe that this Goldsworthy area is an ideal setting to test for allopatric speciation in 
stygofauna. 
The bathynellids collected in the Goldsworthy area during surveys between 2007 and 
2009 by Subterranean Ecology is the source of the material used for this study. 
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Stygofauna was sampled according to the EPA guidelines (Environmental Protection 
Authority, 2003, 2007), while specimen preservation follows Perina et al. (2018). 
DNA methods and data analysis  
Tissue sampling, DNA extraction, PCR amplification, and DNA sequencing follow the 
procedures described in Perina et al. (2018). The mitochondrial Cytochrome oxidase I 
(COI), and 16S ribosomal RNA (16S), and the nuclear 28S, 18S ribosomal RNA, and the 
Internal Transcribed Spacer 2 (ITS2) markers were amplified using the primers listed in 
Table 5.1.  
We used LIMS (Laboratory Information Management Software) Biocode plug-in 
(http://www.mooreabiocode.org) to manage the molecular laboratory workflows. We 
imported the raw chromatograms into Geneious 10.2.4 software (Kearse et al., 2012), and 
assembled forward and reverse sequences. Each sequence was examined by eye and 
edited. The consensus sequences were generated and blasted against GenBank, and 
sequences representing contaminations were discarded from the analyses. The MAFFT 
(Multiple Alignment using Fast Fourier Transform) algorithm (Katoh et al., 2002) with 
default parameters was used to build the alignments. We used the online server GBlocks 
Version 0.91b (Castresana, 2000) to exclude poorly aligned sections of the 16S, ITS2, 
18S and 28S alignments using the less strict parameters. Sequences of the mitochondrial 
COI marker were translated into amino acid chains to ensure no stop-codons were 
present. COI fragments presenting internal stop codons (and therefore not coding for the 
protein) were not considered in the analyses. COI uncorrected pairwise distance (P-
distance) was calculated within and between species haplotypes from different bores 
(computed through Molecular Evolutionary Genetics Analysis (MEGA) 7.0 (Kumar, 
Stecher & Tamura, 2016) using 1000 bootstraps replications and other parameters 





Table 5.1: List of markers and primers with relative sequences utilised. 
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Gene trees based on each gene alignment, and a phylogeny based on the concatenated 
alignment of the five genes considered (Concatenate_tree, Table 5.2) were constructed 
using Bayesian and Maximum Likelihood (ML) method, implemented in 
RaxML_HPC_BlackBox (Randomized Axelerated Maximum Likelihood, including 
automatic bootstrapping stop, which calculates the optimal number of replicates to obtain 
stable support value using the MRE-based bootstrapping criterion (Pattengale et al., 
2009), and MrBayes on XSEDE (3.2.6) in the CIPRES Science Gateway online server 
(Miller, Pfeiffer & Schwartz, 2010), and MrBayes 3.2.5 (Ronquist et al., 2012) 
respectively. Pilbaranella ethelensis was used as outgroup for all single gene trees, but 
the ITS2 tree, which was rooted at midpoint. Pilbaranella ethelensis is closely related to 
the ingroup taxa, but is a distinct genus (Perina et al., 2018). Table 5.2 summarises the 
datasets constructed, the best models of nucleotide substitution for each alignment 
selected by the Akaike information criterion in jModeltest 2.1.9 (Posada, 2008), and the 
analyses performed. 
Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 2012) and Poisson Tree 
Processes (PTP) (Zhang et al., 2013) species delimitation methods were implemented, 
using the online websites (http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html and 
http://sco.h-its.org/exelixis/web/software/PTP/; 13 March 2019) to evaluate hypothetical 
species boundaries using phylogenetic trees and alignments listed in Table 5.2. Kimura 80 
(K80) and Jukes-Cantor (JC69) distance, with default values, were used in the ABGD 
analysis. Trees had distant outgroups removed to improve the results, and were analysed 
by the PTP method, leaving other settings unvaried.  
The molecular phylogeny based on the concatenate tree (Concatenate_tree, Table 5.2) 
was constructed to explore the phylogenetic relationships among the new species, 
previously defined taxa from the Pilbara, and publicly available data from other countries 
to put the Australian fauna into a worldwide context. Iberobathynella imuniensis 
(Parabathynellidae) was used as outgroup. The analysis was partitioned by genes with 
unlinked models. Between 200,000 and 500,000 Markov Chain Monte Carlo (MCMC) 
generations were run for the single gene trees, and 2 x 106 MCMC generations were run 
for the concatenated sequence data (with samples taken every 100th generation). A burnin 
fraction of 0.25 was chosen and the consensus tree was built from the remaining trees. 
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The program Tracer 1.6 (Rambaut et al., 2014) was used to assess the convergence of the 
Bayesian analysis, making sure that the Effective Sample Size (ESS) was above 200. 
The time of divergence of the Goldsworthy taxa was estimated to establish the date of the 
node that represents the ancestor that colonized the perched aquifers, and to establish the 
origins of Bathynellidae in the area. The analysis was conducted using a Bayesian 
evolutionary approach implemented in BEAST 2.4.8 program (Bouckaert et al., 2014) run 
in the CIPRES Science Gateway online server (Miller, Pfeiffer & Schwartz, 2010). The 
concatenated COI-16S-28S-18S alignment used in the analysis included 10 sequences 
with the most complete dataset. The dataset included one specimen per each species 
occurring in the study area, representatives of Pilbaranella species, and Fortescuenella 
serenitatis as outgroup, which is a distantly related genus within the same bioregion 
(Perina et al., 2019). In the case of incomplete data, a chimera was assembled using 
different specimens belonging to the same species. The data were partitioned by gene 
with unlinked site and clock models, linked trees and Yule model. Nucleotide substitution 
models selected for each gene by the Akaike information criterion in jModeltest are listed 
in Table 5.2. We excluded the proportion of invariant site from the COI, 28S and 18S 
models to simplify the analysis and obtain convergence. A relaxed lognormal clock was 
set for all genes. Since no Bathynellacea fossils are available to calibrate the molecular 
clock, we utilized 16S and COI mean substitution rates calculated using the highest and 
lowest rate available, for each marker, retrieved from the literature from other 
crustaceans. The 16S divergence rates of 0.53% and 1.36% substitutions/site/Ma 
(Stillman & Reeb, 2001) and the COI divergence rates of 1.4% (Knowlton & Weigt, 
1998) and 2.76% substitutions/site/Ma (Wares & Cunningham, 2001) were used to 
calculate the ucld.mean and sigma of the analysis. For the 16S ucld.mean we chose a 
normal distribution with mean substitution rate=0.00473 and sigma=0.00126 (therefore 
5% Quantile=0.00266 (corresponding to the 0.533% divergence rate) and 95% 
Quantile=0.0068 (corresponding to the 1.36% divergence rate). For the COI ucld.mean 
we chose a normal distribution with mean substitution rate=0.0104 and sigma=0.00205 
(therefore 5% Quantile=0.00703 (corresponding to the 1.4% divergence rate) and 95% 
Quantile=0.0138 (corresponding to the 2.76% divergence rate). The ucld.Stdev of both 
COI and 16S was set as exponential with mean=1.5. 5 x 107 Monte Carlo Markov chains 
(MCMC) were run through BEAST 2.4.8 (Bouckaert et al., 2014) with sampling every 
1000 generations, and convergence was assessed using Tracer 1.7 (Rambaut et al., 2018), 
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ensuring the Effective Sample Size (ESS) was above 200. Results of the BEAST analysis 
were summarized and annotated using TreeAnnotator 2.4.7 (Bouckaert et al., 2014) in a 
Maximum Clade Credibility tree, setting a 10% burnin, 0.5 posterior probability limit, 
and mean node heights. The resulting tree was edited in Figtree 1.4.2 
(http://tree.bio.ed.ac.uk/software/figtree/). 
Morphological analysis 
The morphological study follows the methods described in Perina and Camacho (2016) 
and Perina et al. (2018). The material is vouchered at the Western Australian Museum 
(see Appendix 5.1 for voucher numbers).  
We used the terminology proposed by Serban (1972). The morphological and molecular 
descriptions are based on the type series. 
Abbreviations used in text and figures after Camacho (1986): Th, thoracopod; A.I, 




Table 5.2: Datasets constructed with description, the best model selected by jModeltest, analyses done and 
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The results revealed the presence of two new genera and four new species. The type 
species of the two new genera are described at the end of the results section 
(Anguillanella callawaensis gen. et sp. nov. and Muccanella cundalinensis gen. et sp. 
nov.) and for ease of communication, these names are used from this point forward. 
Species distribution is shown in Figure 5.2. 
 
Figure 5.2: Bathynellidae species distribution in the Goldsworthy area (Callawa, Cundaline, Yarrie ridges) 
Molecular results 
Sixty-five specimens from Callawa, Cundaline and Yarrie ridges were sequenced and 
included in the phylogeny. The total number of specimens extracted and successfully 
amplified for each marker are summarised in Table 5.3. Twenty-one sequences (up to 610 
bp) were obtained for COI. All COI fragments were translated and revealed no stop 
codons. Forty-five sequences up to 375 bp for the 16S mitochondrial fragment, fifty-six 
sequences of about 1000 bp for 28S, thirty-three sequences up to 740 bp for ITS2, and 
forty-three sequences up to 1780 bp for 18S were obtained. Sequences are deposited in 
GenBank (Appendix 5.1). The ITS2 locus was sequenced for the first time for 
bathynellids as a supplementary locus to enable more accurate species delineation. The 
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ITS2 primers used for Anguillanella callawaensis gen. et sp. nov. were also tested on 
several specimens of Muccanella cundalinensis with no success. 
Table 5.3: Number of tested and successfully amplified specimens per marker, and % of success. 
Marker No specimens extracted No specimens successfully amplified % success 
COI 66 21 31.8 
16S 46 45 97.8 
18Si 43 43 100.0 
18Sii 43 43 100.0 
18Siii 43 37 86.0 
28S 60 56 93.3 
ITS2 59 33 55.9 
 
Species delimitation  
Bayesian single gene trees for COI, 16S, 28S, and ITS2 together with the species 
delimitation results for ABGD (with intraspecific divergence (P) intervals) and PTP are 
represented in Figure 5.3. Specimens from Yarrie ridge failed to sequence for COI, while 
specimens from Cundaline failed to sequence for ITS2. Muccanella cundalinensis was 
identified by morphology and both PTP and ABGD species delimitation methods applied 




Figure 5.3: Bayesian consensus single gene trees for COI, 16S, 28S and ITS2. Numbers on branches 
represent Bayesian posterior probabilities followed by maximum likelihood bootstrap percentage. ABGD 
and PTP results are reported next to the trees. ABGD method: major partitions are showed; PTP: partitions 
with the highest support for each group are represented. 
 
Anguillanella callawaensis was recognised by morphology and by both methods applied 
to 28S and ITS2. However, ABGD of COI alignment split the species into four 
(0.001<P<0.0129) and two (0.0215<P<0.19) taxa, ABGD of 16S identified five groups 
(0.001<P<0.0077, with P=prior intraspecific divergence), and PTP defined three and two 
groups respectively for COI and 16S (Figure 5.3A,B). Anguillanella sp 1 was consistently 
identified by morphological and molecular data; Anguillanella sp 2 is represented by one 
specimen only and both methods and all markers identified it as a distinct species, 
although a morphological comparison was not possible since the only individual was a 
juvenile. 
Results of the COI uncorrected P-distance are shown in Table 5.4. P-distance among 
haplotypes from different bores (within the same ridge) ranged between 0 to 16.3%, and 
within same bore holes ranged between 0 to 0.9% in Anguillanella callawaensis gen. et 
sp. nov. COI P-distance between and within haplotypes from the same and different bore 
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holes in Muccanella cundalinensis gen. et sp. nov was 0.1%. A supplementary excel file 
(S3) provides COI P-distances among all sequences obtained from specimens occurring 
in Callawa and Cundaline ridges. Ten bathynellids from Yarrie ridge were amplified for 
COI but resulted in contaminations. The mean pairwise distance within Anguillanella 
callawaensis and Muccanella cundalinensis is respectively 8.9% and 0.1%, while the 
mean distance between the two taxa was 20.1%. 
Molecular phylogeny 
Maximum likelihood and Bayesian analyses of the concatenated sequences produced 
slightly different topologies, but both defined by three major monophyletic and well 
supported groups: Gallobathynellinae and Bathynellinae subfamilies, and the Australian 
bathynellids (Figure 5.4, Concatenate_RaxMLtree in Appendix 5.2). The Australian clade 
is formed by: two taxa from South Australia and two from Queensland, Fortescuenella 
serenitatis and the other three lineages from the Central Hamersley Range (nr 
Fortescuenella sp., Bathynellidae indet. from Mount Florence and SV0138), five taxa of 
Pilbaranella genus, Anguillanella callawaensis gen. et sp. nov., Muccanella 
cundalinensis gen. et sp. nov., Anguillanella sp. 1 and Anguillanella sp. 2. Muccanella 
cundalinensis, Anguillanella callawaensis and Anguillanella sp. 1 form monophyletic and 
well-supported lineages (Posterior Probability (PP) comprised between 0.96 and 1, and 
bootstrap (BS) comprised between 95 and 100). The two species collected from Yarrie 
Ridge form a non-supported clade (PP=0.72) sister to Anguillanella callawaensis, while 
in the RaxML analysis Anguillanella sp. 1 results sister to Anguillanella callawaensis, but 
again the node is not supported (BS=46, see Concatenate_RaxMLtree in Appendix 5.2). 
Anguillanella is a sister group to Muccanella cundalinensis (PP/BS= 1/100). 
The clades formed by: Gallobathynellinae, Bathynellinae, Fortescuenella serenitatis and 
nr Fortescuenella sp., Bathynellidae from SA, and Bathynellidae from QLD are well 
supported (BS>96, PP=1), but BS and PP are quite low at deeper nodes.  
Molecular Clock analysis 
Figure 5.5 represents the Maximum Clade Credibility (MCC) tree resulting from the 
molecular dating analysis. Node bars are represented by height 95% Higher Posterior 
Density (HPD). Node ages are indicated above the bars while posterior probability (PP) is 
below. A chimera was assembled for Pilbaranella sp. C using sequences from two 
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specimens (WAMC57501-WAMC60391). The age of the most recent common ancestor 
(MRCA) between Anguillanella and Muccanella genera is estimated about 64.8 Ma. The 
mean divergence time of Anguillanella species is 22.6 Ma ago, while Anguillanella 
callawaensis and Anguillanella sp. 1 are sister species, with node age of 15.2 Ma. The 
MRCA of all Pilbaranella species is dated at 34.2 Ma ago, while the most recent possible 
speciation event between P. ethelensis and Pilbaranella possible sp. D dates back to 11.3 
Ma. The divergence time between Pilbaranella species and the Goldsworthy taxa is 




Table 5.4: COI Estimates of Evolutionary Divergence over Sequence Pairs between haplotypes from the same bore hole. Diagonally in bold: within bore P-distance with 
standard error. Above the diagonal: standard error. 
 CA0006 CA0160 CA0008 CA0013 CA0011 CA0014 CA0021 CA0099 CU0046 CU0285 
CA0006 
0.009 
(SE=0.005) 0.002 0.005 0.005 0.007 0.007 0.015 0.015 0.017 0.017 
CA0160 0.004 0.000 0.005 0.005 0.006 0.006 0.015 0.015 0.017 0.017 
CA0008 0.018 0.014 0.000 0.004 0.007 0.007 0.015 0.015 0.017 0.017 
CA0013 0.020 0.015 0.012 - 0.007 0.007 0.015 0.015 0.017 0.017 
CA0011 0.030 0.026 0.033 0.034 - 0.000 0.015 0.015 0.017 0.018 
CA0014 0.030 0.026 0.033 0.034 0.000 - 0.015 0.015 0.017 0.018 
CA0021 0.161 0.159 0.155 0.162 0.157 0.157 
0.001 
(SE=0.001) 0.001 0.017 0.017 
CA0099 0.162 0.159 0.156 0.163 0.158 0.158 0.002 
0.003 
(SE=0.002) 0.017 0.017 
CU0046 0.196 0.193 0.193 0.198 0.204 0.204 0.206 0.206 
0.001 
(SE=0.001) 0.001 




Figure 5.4: Bayesian consensus tree representing the known Bathynellidae taxa constructed using COI, 16S, 
28S, ITS2 and 18S alignments and model partitioning implemented in MrBayes. Numbers on branches 
represent Bayesian posterior probabilities followed by maximum likelihood bootstrap percentage. 




Figure 5.5: Maximum Clade Credibility Tree inferred using a concatenate COI, 16S, 28S and 18S 
alignment using BEAST. Node bars are 95% Higher Posterior Density, scale bar is in million years ago 
(Ma), starting from present 0. Numbers above bars = node age; numbers below bars (bold) = posterior 
probability of the node. 
Systematic account  
Thirty-nine specimens of Anguillanella callawaensis gen. et sp. nov. were used for DNA 
extraction and are part of the type series. The extractions were obtained from: 18 whole 
specimens, and 21 selected body parts (few body segments where no morphological 
characters are present and/or a piece of the specimen’s upper part of pereionites and 
pleonites). Sixteen specimens of Muccanella cundalinensis gen. et sp. nov. have been 
used for DNA extraction and are part of the type series. The extractions were obtained 
from eight whole specimens and eight selected body parts. Selected body parts of nine 
individuals of Anguillanella sp. 1 gen. nov., and one whole specimen of Anguillanella sp. 
2 have been sequenced successfully and used in the molecular study. 
Family Bathynellidae Grobben, 1905 
The Family Bathynellidae comprises three subfamilies: Bathynellinae Grobben, 1905, 
Gallobathynellinae Serban, Coineau & Delamare Deboutteville, 1971 and 
Austrobathynellinae Delamare Deboutteville & Serban, 1973. 
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Anguillanella Perina and Camacho gen. nov. 
Generic diagnosis 
Antennula seven-segmented. Antenna seven-segmented, third endopodial segment 
very small. Paragnaths with distal strong claws. Mandibular palp three segmented 
with two long and strong equal barbed claws, and without sexual dimorphism. Pars 
incisiva with two teeth; processus incisivus accessorius with one tooth and one 
seta-like tooth; pars molaris with two dentate structures, parallel to main axis of 
teeth: first structure (closest to processus incisivus accessorius) with four teeth, and 
second structure formed by a bulb with three to five small denticles. Thoracopods I 
to VII with epipod and endopod four-segmented. Thoracopod VIII male rectangular 
and compact, with only one well developed lobe (outer lobe) on penial region 
(latero external part) and two projections (frontal and posterior); basipod in vertical 
position with large distal crest; endopod small and exopod large, perpendicular to 
basipod and curved outward, with simplified morphology and two distal setae 
present. Female thoracopod VIII simplified: coxopod, without setae; epipod very 
long; basipod large; one-segmented small ramus (endopod or exopod). Uropod: 
sympod with four inhomonomous spines and endopod with two spines, one special 
seta (seta “X”) and three more setae (one very short). Furcal rami with five spines. 
Type species: Anguillanella callawaensis gen. nov., sp. nov 
Anguillanella callawaensis Perina and Camacho sp. nov. (Figures 5.6-5.9) 
Type locality. Bore CA0008, Callawa Ridge, De Grey River Catchment, Pilbara, Western 
Australia (see Appendix 5.3 for borehole coordinates). 
Material examined  
Holotype. WAMC57418, male, permanent slide, bore CA0008, 24 July 2009, Bell (stygo 
net haul). 
Allotype. WAMC57370, female, permanent slide, bore CA0157, 10 July 2009, Bell 
(stygo net haul). 
Paratypes. WAMC57258, female, permanent slide, Western Australia, Pilbara, bore 
CA0006, 13 June 2009, Bell & Ridley (stygo net haul); WAMC57260, female, 100% 
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ethanol, Western Australia, Pilbara, bore CA0006, 13 June 2009, Bell & Ridley (stygo net 
haul); WAMC57262, female, 100% ethanol, Western Australia, Pilbara, bore CA0006, 13 
June 2009, Bell & Ridley (stygo net haul); WAMC57263, sex not recorded, whole 
specimen for DNA, Western Australia, Pilbara, bore CA0006, 26 April 2008, Bell & 
Eberhard (stygo net haul); WAMC57264, sex not recorded, whole specimen for DNA, 
Western Australia, Pilbara, bore CA0006, 26 April 2008, Bell & Eberhard (stygo net 
haul); WAMC57266, male, permanent slide, Western Australia, Pilbara, bore CA0008, 09 
July 2009, Bell (stygo net haul); WAMC57267, male, permanent slide, Western 
Australia, Pilbara, bore CA0008, 09 July 2009, Bell (stygo net haul); WAMC57269, 
female, 100% ethanol, Western Australia, Pilbara, bore CA0008, 22 July 2009, Bell 
(stygo net haul); WAMC57270, female, 100% ethanol, Western Australia, Pilbara, bore 
CA0008, 22 July 2009, Bell (stygo net haul); WAMC57271, female, whole specimen for 
DNA, Western Australia, Pilbara, bore CA0008, 22 July 2009, Bell (stygo net haul); 
WAMC57273, female, permanent slide, Western Australia, Pilbara, bore CA0011, 23 
July 2009, Bell (stygo net haul); WAMC57274, sex not recorded, whole specimen for 
DNA, Western Australia, Pilbara, bore CA0011, 23 July 2009, Bell (stygo net haul); 
WAMC57275, male, permanent slide, Western Australia, Pilbara, bore CA0011, 23 July 
2009, Bell (stygo net haul); WAMC57277, female, 100% ethanol, Western Australia, 
Pilbara, bore CA0011, 12 June 2009, Bell & Ridley (stygo net haul); WAMC57278, 
male, whole specimen for DNA, Western Australia, Pilbara, bore CA0011, 12 June 2009, 
Bell & Ridley (stygo net haul); WAMC57280, female, permanent slide, Western 
Australia, Pilbara, bore CA0012, 31 May 2009, Bell & Barnet (stygo net haul); 
WAMC57281, female, whole specimen for DNA, Western Australia, Pilbara, bore 
CA0012, 31 May 2009, Bell & Barnet (stygo net haul); WAMC57283, female, whole 
specimen for DNA, Western Australia, Pilbara, bore CA0013, 09 July 2009, Bell (stygo 
net haul); WAMC57285, male, permanent slide, Western Australia, Pilbara, bore 
CA0014, 09 July 2009, Bell (stygo net haul); WAMC57286, female, whole specimen for 
DNA, Western Australia, Pilbara, bore CA0014, 09 July 2009, Bell (stygo net 
haul);WAMC57288, female, permanent slide, Western Australia, Pilbara, bore CA0021, 
31 May 2009, Bell & Barnet (stygo net haul); WAMC57289, female, whole specimen for 
DNA, Western Australia, Pilbara, bore CA0021, 31 May 2009, Bell & Barnet (stygo net 
haul); WAMC57290, female, whole specimen for DNA, Western Australia, Pilbara, bore 
CA0021, 31 May 2009, Bell & Barnet (stygo net haul); WAMC57371, female, 100% 
ethanol, Western Australia, Pilbara, bore CA0157, 10 July 2009, Bell (stygo net haul); 
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WAMC57373, female, 100% ethanol, Western Australia, Pilbara, bore CA0160, 09 July 
2009, Bell (stygo net haul); WAMC57374, juvenile, whole specimen for DNA, Western 
Australia, Pilbara, bore CA0160, 09 July 2009, Bell (stygo net haul); WAMC57375, 
juvenile, whole specimen for DNA, Western Australia, Pilbara, bore CA0160, 09 July 
2009, Bell (stygo net haul); WAMC57377, female, 100% ethanol, Western Australia, 
Pilbara, bore CA0099, 13 June 2009, Bell & Ridley (stygo net haul); WAMC57378, 
female, 100% ethanol, Western Australia, Pilbara, bore CA0099, 13 June 2009, Bell & 
Ridley (stygo net haul); WAMC57379, male, permanent slide Western Australia, Pilbara, 
bore CA0099, 13 June 2009, Bell & Ridley (stygo net haul); WAMC57380, female, 
permanent slide Western Australia, Pilbara, bore CA0099, 13 June 2009, Bell & Ridley 
(stygo net haul); WAMC57414, female, permanent slide Western Australia, Pilbara, bore 
CA0008 09 July 2009, Bell (stygo net haul); WAMC57415, female, permanent slide 
Western Australia, Pilbara, bore CA0008 09 July 2009, Bell (stygo net haul); 
WAMC57416, sex not identifiable, permanent slide Western Australia, Pilbara, bore 
CA0008 09 July 2009, Bell (stygo net haul); WAMC57417, female, permanent slide 
Western Australia, Pilbara, bore CA0008 09 July 2009, Bell (stygo net haul); 
WAMC57419, female, permanent slide Western Australia, Pilbara, bore CA0008 09 July 
2009, Bell (stygo net haul); WAMC57420, male, permanent slide Western Australia, 
Pilbara, bore CA0008 09 July 2009, Bell (stygo net haul); WAMC57421, female, 
permanent slide Western Australia, Pilbara, bore CA0008 09 July 2009, Bell (stygo net 
haul); WAMC57422, female, permanent slide Western Australia, Pilbara, bore CA0008 
09 July 2009, Bell (stygo net haul); WAMC57423, male, permanent slide Western 
Australia, Pilbara, bore CA0008 09 July 2009, Bell (stygo net haul); WAMC57424, 
female, permanent slide Western Australia, Pilbara, bore CA0008 09 July 2009, Bell 
(stygo net haul); WAMC57425, male, permanent slide Western Australia, Pilbara, bore 
CA0008 09 July 2009, Bell (stygo net haul); WAMC57426, juvenile, permanent slide 
Western Australia, Pilbara, bore CA0008 09 July 2009, Bell (stygo net haul); 
WAMC57657, male, permanent slide, Western Australia, Pilbara, bore CA0124, 14 June 
2009, Bell & Ridley (stygo net haul); WAMC59191, female, whole specimen for DNA, 
Western Australia, Pilbara, bore CA0124, 14 June 2009, Bell & Ridley (stygo net haul); 
WAMC59192, sex not recorded, whole specimen for DNA, Western Australia, Pilbara, 
bore CA0124, 14 June 2009, Bell & Ridley (stygo net haul); WAMC59193, female, 
whole specimen for DNA, Western Australia, Pilbara, bore CA0124, 14 June 2009, Bell 
& Ridley (stygo net haul); WAMC59194, male, permanent slide, Western Australia, 
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Pilbara, bore CA0057, 23 July 2009, Bell (stygo net haul); WAMC59195, male, 
permanent slide, Western Australia, Pilbara, bore CA0057, 23 July 2009, Bell (stygo net 
haul); WAMC59196, female, whole specimen for DNA, Western Australia, Pilbara, bore 
CA0057, 23 July 2009, Bell (stygo net haul); WAMC59197, female, whole specimen for 
DNA, Western Australia, Pilbara, bore CA0057, 23 July 2009, Bell (stygo net haul); 
Abbreviations used: Th, thoracopod; A.I, antennule; A.II, antenna; Md, mandible, Mx.I, 
maxillule and Mx.II maxilla.   
Description (based on adults) 
Body.  Total length of holotype and allotype 1 mm. Total length of males 0.7-1 mm, and 
females 0.8-1. mm. Body elongated; almost cylindrical, nearly eight times as long as 
wide; segments slightly widening towards posterior end. Head slightly longer than wide. 
Pleotelson with one plumose dorsal seta on either side. All drawings are of the holotype 
and allotype except: paragnath in Figure 5.6I, and labrum in Figure 5.6J. 
Antennule (Figure 5.6A). Seven-segmented; length of first three segments slightly longer 
than the last four; first segment is the longest, then sixth and seventh, as well as second 
and third, of similar length; fourth small and fifth very small; inner flagellum small and 
trapezoidal; setation as in Figure 5.6A; one and two aesthetascs on segments sixth and 
seventh respectively.  
Antenna (Figure 5.6B). Seven-segmented; as long as the first six segments of A.I; first 
four segments almost as long as the last three ones; fifth (third of endopod) very small, 
without setae; terminal segment is the longest; first, fourth and sixth segments similar in 
length and about 0.8 times as long as seventh segment; setal formula: 
0/1+exp/2+0/1+0/0/2+0/5; exopod about twice as long as second segment, with two 
terminal setae, one smooth and one bifurcated sensory seta; ventromedial seta absent. 
Labrum (Figure 5.6J, L). Almost square, with smooth free edge, and with two small 
lobes, more or less developed, on the distal part. 
Paragnath (Figure 5.6I, K). Almost rectangular, strong long claw on distal part with thick 
setation, distal ventral section slightly dilated. 
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Mandible (Figure 5.6E-H). Palp with three segments, terminal segment with two long and 
strong equal barbed claws, more or less cylindrical without expansions (Figure 5.6E, F). 
Masticatory part (Figure 5.6G, H): pars incisiva (incisor process) with two teeth; 
processus incisivus accessorius with one tooth and one seta-like tooth; pars molaris with 
two dentate structures, parallel to main axis of teeth: first structure (closest to processus 
incisivus accessorius) with four teeth, and second structure bulbous with three to five 
small denticles. 
Maxillule (Figure 5.6C). Proximal endite with four setae; distal endite with six teeth, four 
with denticles and two setae-like, and three plumose setae on the outer margin of endite. 
Maxilla (Figure 5.6D). Four-segmented; setal formula 7, 4, 5, 5. 
Thoracopods I-VII (Figure 5.7A-G). Epipod present on Th I to VII. Th I coxa with a long 
and strong plumose seta; basipod with two smooth setae. One-segmented exopod, shorter 
than endopod on all thoracopods; exopod reaches about the middle of the third segment of 
endopod in all thoracopods; it bears four barbed setae on Th I, Th VI and Th VII, two 
terminal, one dorsal and one ventral; and five barbed setae on Th III to V. Exopod of 
thoracopos I to VI with tuft of setules on ventral margin (on dorsal margin too on 
thoracopod I). Endopod with four segments in all thoracopods, setal formulae (number of 
setae on basipod in brackets): 
Th I: (2) 3+0/2+1/2+0/3 
Th II: (1) 2+0/2+1/2+0/3 
Th III-IV-V: (1) 2+0/2+1/1+0/3 
Th VI: (1) 1+0/0+1/0+0/2(1) 
Th VII: (1) 0+0/0+1/0+0/2(1) 
Male thoracopod VIII (Figure 5.8A-D). Small, rectangular and compact, with one lobe 
(outer lobe) on penial region (latero external part), almost trapezoidal very well 
developed and larger than the small triangular posterior projection (P. pr.). Small frontal 
projection (Fr. pr) integrated in penial region does not exceed the outer lobe and the 
basipod. Basipod vertical with big medial crest on distal end (bigger than O. lb.); endopod 
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small, rectangular, with one short seta; exopod big, with simplified morphology and 
dilated on distal end, with two terminal setae, and with relatively square base and distal 
part curved outwardly, almost perpendicular to the main axis of basipod. The latero-
internal view (Figure 5.8A-B) shows the relationship between basipod, exopod and 
endopod: distal end of basipod bears the endopod, concealed by the crest, and proximal 
end of basipod embedded near the base of the small penial region.  
First pleopod (Figure 5.8F). Two segmented, first segment with one long seta; second 
segment with five setae, two distal of similar length and three subdistal unequal setae. 
Female allotype thoracopod VIII (Figure 5.8E). Coxa without setae; basipod almost 
square; one small ramus, half of the size of basipod, with two setae (one thick and very 
long); very large epipod, about 2.5 times length of basipod.  
Female allotype Th I-VII. Number of segments of endopods and exopods as in male 
holotype. Number of setae on segments of endopod and basipod differs from male 
holotype. Setal formulae of allotype (number of setae of basipod in brackets at the start): 
Th I: (2) 3+0/2+1/2+0/3 
Th II: (1) 2+0/2+1/2+0/3 
Th III: (1) 1+0/2+1/1+0/3 
Th IV-V: (1) 2+0/2+1/1+0/3 
Th VI- VII: (1) 0+0/0+1/0+0/2(1) 
Uropods (Figure 5.8H). Sympod 1.8 times longer than endopod, rectangular, about 1.5 
times longer than wide, with four spines: first two distal spines smallest, almost half the 
length of endopod; third one as long as endopod; and fourth (proximal spine) two-third 
the length of third spine, but longer than first two distal ones. Endopod with spinous 
projection on distal outer corner, twice as long as exopod, bearing two strong claws 
("uropodial claws" sensu Delamare Deboutteville & Serban, 1973) (distal claw 1.5 times 
longer than proximal claw); one "special seta" ("X", which would correspond to the first 
claw on Bathynella according to Delamare Deboutteville & Serban, 1973); one plumose 
seta near the base on the ventral edge; one long terminal and one short subterminal seta, 
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ventrally located. Exopod with four setae: two medial setae and two terminal (one very 
long and thick and the other one short and thinner). 
Pleotelson (Figure 5.8G). With one long, plumose dorsal seta on either side. 
Furcal rami (Figure 5.8G, H). Small, almost square, bearing five spines; dorsal spine as 
long as second and fourth, third longer than second and first twice the length of second 
spine. 
Variability 
The number of setae on segments of thoracopod endopod and second segment of pleopod 
vary; pleopod can have five to eight setae on second segment and the same specimen can 
have left setal formula different from right side. Spines on furca can have different size 
compare to the holotype; in some specimens the dorsal spine is half of the size of the 
second spine, and spine duplication can result in six spines on furca (Figure 5.9). 
Etymology 
The genus name comes from the Latin translation of Eel creek (Eel=Anguilla), which 
separates Callawa from Cundaline ridge. Substantive in opposition. The species name 





Figure 5.6: Anguillanella callawaensis gen. et sp. nov., male holotype (A-E, G); female allotype (F, H, K, 
L); male paratype (I, J). (A) Antennula (dorsal view); (B) antenna (dorsal view); (C) maxilla; (D) maxillula; 
(E) mandibular palp male holotype; (F) palp female allotype; (G) mandible male holotype; (H) mandible 
female allotype; (I) paragnath male WAMC57657 (J) labrum male WAMC57423 (ventral view); (K) 




Figure 5.7: Anguillanella callawaensis gen. et sp. nov., male holotype. (A) Thoracopod I; (B) thoracopod 
II; (C) thoracopod III; (D) thoracopod IV; (E) thoracopod V; (F) Thoracopod VI; (G) thoracopod VII. Scale 




Figure 5.8: Anguillanella callawaensis gen. et sp. nov., (A-D, F, G, H) male holotype. (A, B) thoracopod 
VIII (posterior view); (C, D) thoracopod VIII (frontal view); (E) thoracopod VIII female allotype (frontal 
view); (F) first pleopod; (G) furcal rami and dorsal seta (dorsal view); (H) uropod (latero-internal view). 
Scale bar in mm. Abbreviations: O. lb, outer lobe; Bsp, basipod; Endp, endopod; Exp, exopod; P.pr, 




Figure 5.9: Anguillanella callawaensis furca variability (WAMC57370 photo). 
Muccanella Perina and Camacho gen. nov. 
Generic diagnosis 
Antennula seven-segmented. Antenna seven-segmented; third endopodial segment 
very small. Paragnaths with distal strong claws. Mandibular palp without sexual 
dimorphisms. Setae of mandibular palp similar in both sexes. Endopod of 
thoracopods I to VII four-segmented. Male thoracopod VIII compact and trapezoidal 
with only one small lobe (outer lobe) on penial region (latero external part) and two 
small projections (frontal and posterior); large rectangular basipod in vertical position 
with small distal crest; endopod small with one short seta; exopod perpendicular to 
principal axis of basipod, bearing two distal setae of similar length. Female 
thoracopod VIII simplified: coxopod without setae; long epipod; basipod slightly 
longer than coxopod bearing one seta; two-segmented ramus as long as basipod, with 
two distal setae: one short and one long. Uropod: sympod with four strong and big 
subequal spines, endopod with two spines, one “special” seta and three more setae. 
Furcal rami with five spines.  
Type species: Muccanella cundalinensis gen. nov., sp. nov 
Muccanella cundalinensis Perina and Camacho sp. nov. (Figures 5.10-5.12) 
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Type locality. Bore CU0046, Cundaline Ridge, De Grey River Catchment, Pilbara, 
Western Australia (see Appendix 5.3 for borehole coordinates). 
Material examined  
Holotype. WAMC57340, male, permanent slide, bore CU0046, 29 May 2009, Bell & 
Barnet. 
Allotype. WAMC57337, female, permanent slide, bore CU0046, 29 May 2009, Bell & 
Barnet. 
Paratypes. WAMC57338, female, whole specimen for DNA, bore CU0046, 29 May 
2009, Bell & Barnet; WAMC57339, female, whole specimen for DNA, bore CU0046, 29 
May 2009, Bell & Barnet; WAMC57341, female, permanent slide, bore CU0046, 29 May 
2009, Bell & Barnet; WAMC57343, male, permanent slide, bore CU0064, 21 July 2009, 
Bell; WAMC57344, female, whole specimen for DNA, bore CU0064, 21 July 2009, Bell; 
WAMC57347, female, permanent slide, bore CU0064, 21 July 2009, Bell; WAMC57348, 
male, whole specimen for DNA, bore CU0064, 21 July 2009, Bell; WAMC57363, 
female, permanent slide, bore CU0058, 29 May 2009, Bell & Barnet; WAMC57364, 
male, permanent slide, bore CU0058, 29 May 2009, Bell & Barnet; WAMC57365, 
female, whole specimen for DNA, bore CU0058, 29 May 2009, Bell & Barnet; 
WAMC57366, juvenile, whole specimen for DNA, bore CU0058, 29 May 2009, Bell & 
Barnet; WAMC57368, female, permanent slide, bore CU0285, 30 May 2009, Bell & 
Barnet; WAMC59198, male, permanent slide, bore CU0058, 10 June 2009, Bell & 
Ridley; WAMC59199, sex not recorded, permanent slide, bore CU0058, 10 June 2009, 
Bell & Ridley; WAMC59205, female, permanent slide, bore CU0058, 29 May 2009, Bell 
& Barnet; WAMC59206, male, permanent slide, bore CU0064, 21 July 2009, Bell; 
WAMC59207, male, permanent slide, bore CU0064, 21 July 2009, Bell; WAMC59208, 
male, permanent slide, bore CU0064, 21 July 2009, Bell; WAMC59209, male, permanent 
slide, bore CU0046, 29 May 2009, Bell & Barnet; WAMC59210, female, permanent 
slide, bore CU0046, 29 May 2009, Bell & Barnet; WAMC59211, male, permanent slide, 
bore CU0046, 29 May 2009, Bell & Barnet; WAMC59212, male, permanent slide, bore 
CU0046, 29 May 2009, Bell & Barnet; WAMC59213, female, permanent slide, bore 
CU0046, 29 May 2009, Bell & Barnet; WAMC59214, male, permanent slide, bore 
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CU0046, 29 May 2009, Bell & Barnet; WAMC59215, male, permanent slide, bore 
CU0046, 29 May 2009, Bell & Barnet; 
Abbreviations used: Th, thoracopod; A.I, antennule; A.II, antenna; Md, mandible, Mx.I, 
maxillule and Mx.II maxilla. 
Description (based on adults) 
Body. Total length of holotype about 0.95 mm and allotype 0.94 mm. Total length of 
males 0.82-1.08 mm, of females 0.92-1.07 mm. Body almost cylindrical, nearly six times 
as long as wide; segments slightly widening towards posterior end. Head as long as wide. 
Pleotelson with one plumose dorsal seta on either side. All drawings are of the holotype 
and allotype except for Figure 5.10C, E. 
Antennule (Figure 5.10A). Seven-segmented; length of first three segments as long as the 
last three; first and last segments are the longest, then sixth, second and third of similar 
length and fourth slightly shorter, fifth very small; inner flagellum small and longer than 
wide; setation as in Figure 5.10A; two aesthetascs on both sixth and seventh segments. 
Antenna (Figure 5.10B). Seven-segmented; nearly as long as A.I; first four segments 
almost as long as the last three combined; fifth (third of endopod) very small, without 
setae; terminal segment is the longest, fourth and sixth segments similar in length and 
about three-fourth the length of seventh segment; setal formula: 
0/1+exp/2+0/1+0/0/2+0/5; exopod 0.8 times the length of the first segment, with two 
terminal setae, one smooth and one bifurcated sensory seta; ventromedial seta absent. 
Labrum (Figure 5.10D, E). Almost square, with smooth free edge, and with two small 
lobes on the distal part. 
Paragnath (Figure 5.10C). Almost rectangular, strong long claw on distal part with thick 
setation. 
Mandible (Figure 5.10F, G). Palp with three segments, terminal segment with two long 
and strong barbed claws of similar length, more or less cylindrical without expansions. 
Masticatory part: pars incisiva with two teeth; processus incisivus accessorius with one 
tooth and one seta-like tooth; pars molaris with three teeth close to processus incisivus 
accessorius and one distal strong tooth with one denticle on each side. 
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Maxillule (Figure 5.10H). Proximal endite with four setae; distal endite with six teeth, 
four with denticles and two setae-like, and three plumose setae in outer margin of endite. 
Maxilla (Figure 5.10I). Four-segmented; setal formula 7, 3, 7, 5. 
Thoracopods I-VII (Figure 5.11A-G). Epipod present on Th I to VII. Th I coxa with a 
long and strong plumose seta and an external bundle of thin hair; basipod with two 
smooth setae. One-segmented exopod, shorter than endopod on all thoracopods; exopod 
reaches about the middle of the third segment of endopod in all thoracopods; it bears four 
barbed setae on Th I, two terminal, one dorsal and one ventral; and five barbed setae on 
Th II to VII. Exopod of thoracopos I to VI with tuft of setules on ventral margin (on 
dorsal margin too on thoracopod I). Endopod with four segments in all thoracopods, setal 
formulae (number of setae on basipod in brackets): 
Th I: (2) 3+0/2+1/2+0/3 
Th II: (1) 2+0/2+1/2+0/3 
Th III: (1) 2+0/1-2+1/1+0/3 
Th IV-V: (1) 2+0/2+1/1+0/3 
Th VI- VII: (1) 1+0/0+1/0+0/2(1) 
Male thoracopod VIII (Figure 5.12A-D). Compact and trapezoidal, with one small lobe 
(outer lobe) on penial region (latero external part). Small frontal and posterior projection 
(Fr. pr; P. pr.) integrated in penial region. Basipod vertical with small crest on distal end; 
endopod small, rectangular, with one short seta; exopod with simplified morphology, 
curved outward, almost perpendicular to the main axis of basipod and bearing two setae 
of slightly unequal length on distal part. Penial region well developed.  
First pleopod (Figure 5.12F). Two segmented, first segment enlarged with one long seta; 
second segment with eight smooth setae, two distal of similar length and shorter than all 
the others. 
Female allotype thoracopod VIII (Figure 5.12E). Coxa without setae; basipod rectangular 
bearing one inner seta; one ramus two-segmented, same size of basipod, with two setae of 
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different length (one thick and very long) on distal end; very large epipod, about twice the 
length of basipod.  
Female allotype Th I-VII. Number of segments of endopods and exopods as in male 
holotype. Number of setae on segments of endopod and basipod differs from male 
holotype. Setal formulae of allotype (number of setae of basipod in brackets at the start): 
Th I: (2) 3+0/2+1/2+0/3 
Th II: (1) 2+0/2+1/2+0/3 
Th III: (1) 2+0/2+1/1+0/3 
Th IV-V: (1) 2+0/2+1/1+0/3 
Th VI- VII: (1) 1+0/0+1/0+0/2(1) 
Uropods (Figure 5.12H). Sympod 1.5 times the length of endopod, rectangular, about 1.5 
times longer than wide, with four spines of similar length. Endopod with spinous 
projection on distal outer corner, 2.5 times longer than exopod, with two strong claws 
("uropodial claws" sensu Delamare Deboutteville & Serban, 1973) (distal one 2.5 times 
longer than proximal one); one "special seta" ("X", which correspond to the first claw on 
Bathynella according to Delamare Deboutteville & Serban, 1973); one plumose seta near 
the base on the ventral edge; one long terminal and one short subterminal seta, longer 
than distal claw and ventrally located. Exopod with four setae: two medial setae and two 
terminal (one very long and thick, and one short and thinner). 
Pleotelson (Figure 5.12G). With one long, plumose dorsal seta on either side near the 
base of furca. 
Furcal rami (Figure 5.12G). Small, almost square, bearing five spines; first spine is the 
longest, about three times the length of the second one; second and third spines of similar 
length and 2/3 shorter than dorsal one; fourth spine shortest. 
Variability 
The number of setae on segments of endopod of thoracopods and second segment of 




The genus name comes from the name of the station near the type locality: Muccan 






Figure 5.10: Muccanella cundalinensis gen. et sp. nov., male holotype (A, B, D, F, H, I); female allotype 
(E, G); male paratype (C). (A) Antennula (dorsal view); (B) antenna (dorsal view); (C) Paragnath male 
WAMC57343; (D) labrum; (E) labrum female WAMC57341; (F) palp and mandible male holotype; (G) 




Figure 5.11: Muccanella cundalinensis gen. et sp. nov., male holotype. (A) Thoracopod I; (B) thoracopod 
II; (C) thoracopod III; (D) thoracopod IV; (E) thoracopod V; (F) Thoracopod VI; (G) thoracopod VII. Scale 




Figure 5.12: Muccanella cundalinensis gen. et sp. nov., (A-D, F-H) male holotype; female allotype (E). (A, 
B) thoracopod VIII (posterior view); (C, D) thoracopod VIII (frontal view); (E) thoracopod VIII female 
allotype (frontal view); (F) first pleopod; (G) furcal ramus and dorsal seta (dorsal view); (H) uropod (dorsal 
view). Scale bar in mm. Abbreviations: O. lb, outer lobe; Bsp, basipod; Endp, endopod; Exp, exopod; P.pr, 




Anguillanella and Muccanella genera share few characters: mandibular palp, mandible, 
labrum and paragnaths are very similar and also similar to Pilbaranella and 
Fortescuenella described from the Fortescue catchment (although the mandibular palp of 
Fortescuenella has claws of slightly different length). All thoracopods of Pilbaranella, 
Anguillanella and Muccanella have exopod bearing five setae (excluding thoracopod I 
that has four setae, and thoracopod VI and VII of Anguillanella that also have four). 
Fortescuenella serenitatis differs from these genera having all exopods of thoracopos 
bearing four setae, and lacking epipod on thoracopod I. 
The structure of the male thoracopod VIII is quite diverse in all four genera described for 
WA (Figure 5.13) but all have endopod and exopod reduced, and the latter curved 
backwards like Austrobathynellinae, while Bathynellinae and Gallobathynellinae have 
unfolded and more developed rami. In Pilbaranella the male thoracopod VIII is 
simplified and reduced; in Fortescuenella it is more complex with a frontal and posterior 
projection and a well-developed outer lobe; in Muccanella and Anguillanella we have the 
same structures present in Fortescuenella (frontal-posterior projection and outer lobe), 
but in Muccanella they are reduced while they are well-developed in Anguillanella, and 
both taxa have basipod with crest. Setation on endopod and exopod is the same in all four 
genera (one short seta on endopod and two setae on exopod). 
Female thoracopod VIII (Figure 5.13) is uniramus like in Austrobathynella patagonica 
Delamare Deboutteville & Roland, 1963; it is very simple in Pilbraranella with most of 
the segments fused; in Fortescuenella and Anguillanella it is formed by: coxopod, 
basipod and one-segmented ramus, while in Muccanella the ramus is two-segmented. All 
genera so far described for WA present epipod, contrary to Austrobathynella patagonica. 
The pleopod I differs in all taxa by the number of setae, which are all quite elongated in 
Pilbraranella, Anguillanella and Muccanella, while Fortescuenella presents one very 
short apical seta. Another character that distinguishes Fortescuenella is the absence of the 
“special seta X” (Delamare Deboutteville & Serban, 1973), which is present in the other 
three genera. All four taxa have four spines on sympod (but different length), two on 
endopod of uropod and five on furca with distinct ration length. 
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Specimens from bore YP1063 show affinity to Anguillanella callawaensis, but also 
distinctive morphological characters. The only specimen sequenced from bore YRP22 on 
Yarrie Ridge was a juvenile wholly used for DNA extraction, so no morphological 
characters are available, but the molecular data place it within the ‘Anguillanella group’ 
therefore we included it in this genus. Specimens from bores CA0021 and CA0099 have 
slightly different morphology from the rest of A. callawaensis. Differences could 
represent intraspecific variation or perhaps the population from these bores is diverging, 
but not long enough to show clear morphological differences. 
Bathynella primaustraliensis (Schminke, 1973), the only bathynellid species described 
for Australia before 2018 and collected from the Hughes creek in Victoria, differs from 
the new genera in mandible and female thoracopod VIII. A comparison of the male 
thoracopod VIII (penis) is not possible since the description is based on one female 
(Schminke, 1973), but we justify the erection of two new genera based on molecular 
evidence and that bathynellid species and genera of the Pilbara bioregion seem to be 
restricted to well-defined parts of the catchments where they occur (Perina et al., 2018; 
Perina et al., 2019). 
As Pilbaranella and Fortescuenella, we exclude the new genera from Bathynellinae and 
Gallobathynellinae subfamilies based on: number of teeth on pars molaris and structure of 
male and female thoracopod VIII, supporting the molecular data.  
The new genera exhibit some common characters with members of the 
Austrobathynellinae subfamily, but they are quite distinguished from members of 
Bathynellinae and Gallobathynellinae (Table 5.5). With Austrobathynella Delamare 
Deboutteville, 1960, Transvaalthynella Serban & Coineau, 1975 and Transkeithynella 
Serban & Coineau, 1975, genera belonging to Austrobathynellinae, Anguillanella and 
Muccanella present: many teeth on pars molaris of the mandible; female thoracopod VIII 
reduced to one ramus; male thoracopod VIII with reduced endopod and exopod; and third 
segment of antennule’s endopod very small (short). The paucity of data (only three genera 
are described based solely on morphological data) prevents us from corroborating the 
affinity of the new genera Anguillanella and Muccanella to Austrobathynellinae, 
nevertheless they are more dissimilar from Bathynellinae and Gallobathynellinae and 
therefore we exclude them. Further morphological and molecular data are needed to 
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outline Bathynellidae subfamilies, resolve taxonomic uncertainties, and systematically 
organise the taxa discovered in different continents. 
 
Figure 5.13: Male and female thoracopods VIII of the four genera described for WA. (A, B) male ThVIII of 
Pilbaranella ethelensis; (C, D) male ThVIII of Fortescuenella serenitatis; (E, F) male ThVIII of 
Anguillanella callawaensis; (G, H) male ThVIII of Muccanella cundalinensis; (I) female ThVIII of 
Pilbaranella ethelensis; (J) female ThVIII of Fortescuenella serenitatis; (K) female ThVIII of 
Anguillanella callawaensis; (L) female ThVIII of Muccanella cundalinensis. Scale bar in mm. 
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Table 5.5: Differences and similarities among Central Hamersley Range species and lineages, Pilbaranella genus and the three Bathynellidae subfamilies. 










e sp SVW 
Bathynellidae 
sp FLO 
Anguillanella  Muccanella  
AI: number 
of segments 
6/7 7 7 7 7 7 na 7 7 
AII:  number 
of segments 
6/7/8 7 7/8 7 
7 7 na 7 7 
endopod 
segment 3 






absent absent absent na na absent absent 
Mandible:          
palp 




3 segments 3 segments 3 segments na na 




2/3 2/4 5/6 6 7 na na 7 to 9 6 
sexual 
dimorphism 
yes/no no no no no na na no no 
Th I-Th VII: 
endopod 




4 segments 4 segments 4 segments na na 4 segments 4 segments 
Th VIII 
female: 
protopod + 1/2 
rami 
protopod 
+ 2 rami 
protopod + 1 
ramus 
protopod + 1 
ramus 
protopod + 1 
ramus 
na na 
protopod + 1 
ramus 







2 segments 1 segment 2 segments na na 1 segment 2 segments 
coxal seta present/absent present absent absent absent na na absent absent 
epipod present/absent present absent present present na na present present 
Th VIII 
male: 
    





1 to 3 lobes, 
frontal 
projection, 0 




















d; not fused 













with the penial 
region 
vertical; fused 
with the penial 
region 
vertical; fused 
























































4 spines 4 spines 5 spines 4 spines 4 spines 4 spines 
endopod 





2 claws + 3 
setae + 1 
special seta 
2 claws + 3 
setae + 1 
special seta 
2 claws + 4 
setae 
3 claws + 5 
setae 
2 claws + 3 
setae + 1 
special seta 
2 claws + 3 
setae + 1 
special seta 
2 claws + 3 






De Grey River Bathynellidae diversity 
An abundance of material previously collected during several environmental surveys 
allowed us to examine the morphological and molecular inter- and intra-specific 
variability, and describe two new genera, Muccanella cundalinensis gen. et sp. nov. and 
Anguillanella callawaensis gen. et sp. nov. Although there is a slow discharge of the 
perched aquifer into the regional one (Dames & Moore, 1992), the results show different 
lineages on different ridges, which indicates that stygofauna are isolated in each perched 
aquifer. 
The results of the species delimitation methods adopted here (Figure 5.3) are supported 
by morphological analyses, although ABGD and PTP applied to mitochondrial markers 
recognise different species distributed in different bores (Figure 5.3A-B). We considered 
the mitochondrial variability to represent intraspecific population structure (Perina et al., 
2018; Perina et al., 2019), and we used the morphological species concept integrated with 
the above mentioned species delimitation methods. The tree in Figure 5.4 
(Concatenate_tree - Table 5.2) presents the phylogenetic relationships among 
representatives of known genera and lineages of Bathynellidae and specimens belonging 
to the new genera. Each genus and species identified is reciprocally monophyletic 
supporting morphology and species delimitation methods. 
Anguillanella callawaensis occurs in the north-eastern part of Callawa Ridge (Figure 5.2). 
The population structure highlighted by the mitochondrial loci is comparable to that 
found for Pilbaranella ethelensis, with different haplotypes in different bores and similar 
ones within the same bore. Fortescuenella serenitatis, instead, seems to have a more 
complex population structure with highly divergent haplotypes (mean COI uncorrected 
pairwise distance up to 9% (Perina et al., 2019)) within some bores and the same 
haplotypes occurring in different bores (see Appendix 5.4 for COI and 16S population 
structure comparison). Despite subtle morphological differences among specimens of 
Anguillanella callawaensis, and ABGD and PTP methods applied to 28S and ITS2, 
nuclear markers do not recognize different species, the COI uncorrected pairwise distance 
(P-distance) between specimens occurring in bores CA0021 and CA0099 (western side of 
the ridge) and the ones collected from bores located in the eastern side (CA0006, 
CA0008, CA0011 CA0013, CA0014 and CA0160) (Figure 5.2) is quite high (between 
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15.6 and 16.5%, see supplementary material S3). This “gap” in COI divergences could be 
due to sampling (the south-western part of the ridge was not sampled, Subterranean 
Ecology unpublished data) and hence uncertainties remain regarding the distribution of 
this species, or the two lineages are diverging (perhaps due to hydrogeological 
discontinuities), but not long enough to be detected by nuclear markers and clear 
morphological differences. We chose to be conservative and consider one species, and 
acknowledge that more study is needed, especially on the hydrogeological connectivity, 
to better understand the biodiversity and distribution on Callawa Ridge.  
Anguillanella sp. 1 and Anguillanella sp. 2 were only found in bore YP1063 and YRP22 
respectively at Yarrie Ridge (Figure 5.2), although other bores in the surrounding area 
were sampled, excluding the eastern side of the ridge (Subterranean Ecology unpublished 
data). According to molecular data, these lineages are more closely related to 
Anguillanella genus, supporting the morphological analysis of Anguillanella sp. 1 (taxon 
not formally described in this paper), while morphological data for Anguillanella sp. 2 are 
not available. The presence of multiple species on Yarrie Ridge suggests the possible 
existence of isolated aquifers within the same plateau. 
Muccanella cundalinensis occurs only in the northern part of the Cundaline Ridge (Figure 
5.2), despite broad sampling across the whole plateau (Subterranean Ecology unpublished 
data). Accordingly the habitat suitable for this group seems to be quite restricted, but 
additional sampling could reveal a different distribution. Its population structure appears 
less complicated than Anguillanella callawaensis, probably due to the smaller area where 
it occurs (less than 2 km between bores, Figure 5.2).  
As with Pilbaranella ethelensis and Fortescuenella serenitatis in the Fortescue 
catchment, the four species occurring in the De Grey River have localised distributions, 
and they can be considered Short Range Endemics, even though distributions might 
change with more extensive sampling. The ‘patchy’ nature of sampling for these taxa is 
demonstrated by Muccanella cundalinensis which was only collected in 2009 surveys and 
not in previous ones (2007-2008, Subterranean Ecology unpublished data) suggesting a 
possible interannual variability, perhaps connected to flooding events, as storms and 
rainfalls can change water levels and chemistry and therefore food inflow (Goater, 2009). 
Similar seasonal dynamics have been observed for some copepod species from the 
Yilgarn region (Karanovic & Cooper, 2012). This demonstrates the difficulty and the time 
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frame needed to discover true subterranean biodiversity, and that an absence of taxa 
resulting from a survey does not necessarily mean absence of subterranean fauna.  
Once again, previously unstudied aquifers have revealed new taxa of Bathynellidae, 
confirming the trend of diversification observed for many other stygofaunal groups in the 
Pilbara, including the Bathynellidae sister family Parabathynellidae (Abrams et al., 2012; 
Cho & Humphreys, 2010; Cho, Park & Humphreys, 2005; Hong & Cho, 2009), the 
Tainisopidae and Phreatoicidae isopods (Finston, Francis & Johnson, 2009; Keable & 
Wilson, 2006; Knott & Halse, 1999; Wilson, 2003), oligochaetes (Brown et al., 2015; 
Pinder, 2008) and the Paramelitidae amphipods (Finston et al., 2011; Finston et al., 2007; 
Finston, Johnson & Knott, 2008). 
Allopatric speciation and the origins of bathynellid taxa in the Goldsworthy area 
The aim of this paper was to test the hypothesis that vicariance has shaped the distribution 
of Bathynellidae in the Goldsworthy area: specifically we wanted to test if one or multiple 
vicariant events were involved in the diversification of the group. The molecular 
phylogeny in Figure 5.4 and clock analysis in Figure 5.5 show the relationships amongst 
the taxa occurring in the area (and other lineages) and their divergence times.  
All taxa identified in the area are related, forming a monophyletic clade and sharing a 
common ancestor at 64.8 Ma ago, but different divergence times were obtained for 
Anguillanella species. On this basis we are able to exclude the hypothesis of a single 
vicariant event responsible for the fragmentation of the common ancestor’s area. The date 
for the most recent common ancestor of the two new genera (at 64.8 Ma), also allows us 
to exclude an influence of marine transgression/regression events, since the latest 
occurred in the area in the Aptian (125-113 Ma) (see Figure 5.5). The analyses suggest 
that multiple vicariant events fragmented the ancestral population at different times.  
Anguillanella and Muccanella origins (64.8 Ma ago) 
In the Upper Cretaceous, a large river system crossing the current Office and Canning 
Basins was flowing towards the Indian Ocean (BMR Palaeogeographic Group, 1990), and 
hence we can assume that different rivers were also flowing in the north of the De Grey 
River. Likewise, from Late Cretaceous to mid Miocene the climate was much wetter 
(between 70 and 50 Ma ago the average annual rainfall of the Pilbara region was over 200 
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cm (González-Álvarez, Salama & Anand, 2016)) with widespread temperate rainforest 
(Byrne et al., 2008). The valleys between the plateaus were probably filled (or partially 
filled) with several meters of deposits (probably accumulated during the last marine 
transgression in the Aptian, such as the Parda Formation (Hickman, Chin & Gibson, 
1983)), eroded later by flowing water. Examples of extensive erosion can be found in 
Western Australia in the Yilgarn Craton, where the minimum denudation rate between the 
end of the Cretaceous and Early Tertiary was about 2.0 m Ma-1 (Humphreys, 2017; Kohn 
et al., 2002). The MRCA between Anguillanella and Muccanella suggests that the Eel 
Creek eroded the deposits faster than other putative creeks between other ridges, isolating 
the Cundaline population around the end of the Cretaceous, while bathynellid ancestors 
were still able to move between the perched water on Callawa and Yarrie ridges. The 
depth of the Eel Creek valley is 13 to 24 m deeper than the Kimberley Gap between 
Callawa and Yarrie (depths obtained from Google Earth Pro software), which supports 
the hypothesis of a faster erosion and therefore an earlier isolation of Cundaline 
stygofauna.  
Anguillanella species origins (22.6-15.2 Ma ago) 
The relationships among taxa of this genus are not well resolved. The nodes representing 
the ancestors of Anguillanella are well supported in the BEAST analysis (PP=1 and 0.98, 
Figure 5.5), but the error bars largely overlap. The tree in Figure 5.4 shows a different 
topology, with Anguillanella sp. 1 and Anguillanella sp. 2 sister species, but with a low 
node support (PP=0.72). The single-gene trees also represent different topologies where 
nuclear markers support the relationship between Anguillanella callawaensis and 
Anguillanella sp. 2, while the 16S results in a trichotomy (Figure 5.3). These relationships 
could represent a polytomy, which implies that the hydrological connection (higher water 
table) that allowed the colonization of the perched water on Callawa and Yarrie ridges 
from a common ancestor, stopped between 22.6 and 15.2 Ma ago, isolating the three 
Anguillanella species at similar time (one vicariant event, such as water table drop, 
perhaps coinciding with the start of the aridification processes (Byrne et al., 2008)).  
Two scenarios could, instead, explain the data if Anguillanella callawaensis and 
Anguillanella sp. 2 are “true” sister species (as shown in Figure 5.5). The first explanation 
is one of vicariance: the connection with Anguillanella sp. 1 ceased 22.6 Ma ago, while 
the hydrological connectivity between the western side of Yarrie and Callawa ridges 
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persisted longer. The presence of faults within the Yarrie Ridge (Dames & Moore, 1992) 
could explain the interruption of the connectivity in the early Miocene (22.6 Ma). The 
MRCA between Anguillanella callawaensis and Anguillanella sp. 2 is dated at 15.2 Ma 
ago, when aridification processes started in the north of Western Australia (Bowler, 1976; 
Byrne et al., 2008) and the water table dropped steadily, separating the two species, and 
successively maintaining the isolation of bathynellid populations. The second explanation 
draws on complex dispersal processes of Bathynellidae ancestors within Yarrie and 
between Yarrie and Callawa ridges to explain current distributions. Better understanding 
of the hydrogeology of the area, past climatic and geological events, additional material 
and molecular markers will help to resolve the relationships among lineages and clarify 
the drivers of diversification. Additionally, relationships from other subterranean taxa 
collected from different ridges in the Goldsworthy area may be instructive, for example 
two species of Atopobathynella (Parabathynellidae) (Abrams et al., 2012), two 
troglofauna species of Trinemura silverfish (T. callawae, T. cundalinae) (Smith et al., 
2012), and two genera of subterranean carabids (Giachino, Eberhard, Perina in 
preparation). Molecular clock analyses of these groups could help to clarify the 
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Chapter VI: Palaeozoic origins and Mesozoic diversification of the 
subterranean Bathynellidae (Crustacea, Bathynellacea) in Australia: a 
complex biogeographical history  
 
Abstract 
Bathynellidae are a poorly studied family of subterranean crustaceans, but recent 
investigations in Australia suggest a rich and diverse fauna, especially in the arid zones of 
Western Australia. Studies conducted in the Pilbara region (north of Western Australia), 
and south-east of Queensland indicate that species and genera are short range endemics, 
with complex biogeographic histories.  
The aims of this chapter are to: 1) investigate Bathynellidae diversity and distribution at 
continental scale by comparing the taxa discovered in previous chapters (III-IV-V) with 
additional material from new areas; 2) explore the biogeography of the family in 
Australia, including all discovered lineages; and 3) put the Australian fauna into a global 
context. 
I studied material previously collected by environmental consultants from additional areas 
in the Pilbara, Yilgarn, Tanami, and south east of Queensland, combining morphology 
and ABGD/PTP molecular species delimitation methods to assess diversity and 
distributional ranges. I estimated the divergence times of the lineages discovered through 
molecular clock analysis. I then analysed the relationships among all Australian lineages 
and taxa from other countries reconstructing a molecular phylogeny.  
I discovered novel taxa at both the species and generic level, with small ranges restricted 
to different aquifers. Each region considered contains a unique fauna, and a new 
subfamily (morphologically and molecularly very distinctive) was discovered in the 
south-east of Queensland. The mid-Miocene aridification contributed only in part to the 
Bathynellidae diversification on the continent. Some distributions of taxa, instead, reflect 
ancient drainage systems. Divergence time estimates suggest Palaeozoic origins, with an 
increase in the rate of diversification during the Jurassic Period, which might coincide 




Subterranean fauna occur all around the world, and significant effort has been dedicated 
to describe their diversity and origins. Two main hypotheses have been postulated to 
explain why putative surface ancestors colonized the apparently hostile subterranean 
environment: the ‘climatic relict’ and the ‘adaptive shift’ hypotheses (Rouch & 
Danielopol, 1987). The ‘climatic relict’ hypothesis assumes that subterranean animals 
originate from a widely distributed epigean ancestor that moved underground to escape 
adverse climatic conditions, such as aridity or glaciations. Subterranean populations 
would then represent relicts that survived in underground isolated refugia, while surface 
populations became extinct (Barr & Holsinger, 1985; Holsinger, 1988; Humphreys, 
2000). In temperate regions the Pleistocene glaciations played an important role in 
shaping the distribution of many subterranean taxa (Barr, 1973; Culver, 1982; Latella, 
Verdari & Gobbi, 2012; Mammola, Goodacre & Isaia, 2018; Mammola, Schönhofer & 
Isaia, 2019). In the north of Western Australia instead, Cainozoic aridification, and 
consequent loss and fragmentation of forest habitat and surface water, was the main cause 
of subterranean colonization and speciation (Abrams et al., 2019; Cooper et al., 2002; 
Finston, Francis & Johnson, 2009; Finston et al., 2007; Humphreys, 1993a). Vicariance 
would be the main driver of diversification, while dispersal would have little or no 
influence in shaping species distribution (Culver & Pipan, 2009). The ‘adaptive shift’ 
hypothesis, instead, proposes that subterranean animals originate from an epigean 
ancestor that actively moved underground to exploit new niches or food resources without 
being driven by climatic changes. In this case speciation is parapatric and forced by 
different selective pressures imposed by the two environments (epigean and subterranean) 
(Howarth & Hoch, 2005). This hypothesis was postulated to explain the specialized cave 
fauna discovered in Hawaiian lava tubes in the tropics (Desutter-Grandcolas & 
Grandcolas, 1996; Howarth, 1973, 1987), zones affected by neither glaciations nor 
aridity.  
Within subterranean fauna, stygofauna represent a huge variety of organisms living in 
groundwater and mostly comprising invertebrates (Botosaneanu, 1986). Many descend 
from marine ancestors that colonized groundwater in different ways, depending on taxon, 
conditions and time of groundwater invasion (Holsinger, 2000). Most stygofaunal 
ancestors were probably exploiting nutrients contained in benthic environments, and 
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therefore were more or less associated with marine sediments (Coineau & Boutin, 1992; 
Holsinger, 1994, 2000). Hence, it is reasonable to think that some marine epigean 
ancestors colonized the littoral interstitial habitat first, thanks to morphological and 
physiological pre-adaptations, such as small size, vermiform shape, and low oxygen 
requirements (Coineau & Boutin, 1992), and successively colonized groundwater through 
coastal mesopsammal environment (Coineau & Boutin, 1992; Holsinger, 1994). The 
migration could have been facilitated by marine transgressions, and the pioneer 
population would have stranded after marine regressions, becoming isolated from the 
original population (Boutin & Coineau, 1990; Coineau & Boutin, 1992; Notenboom, 
1991; Stock, 1977, 1980). Alternatively, the interstitial marine ancestor could have 
colonized groundwater via an adaptive shift, exploiting new niches and resources 
(Holsinger, 1994, 2000; Howarth, 1987). Stygofauna originating from a marine ancestor 
following the above mention pathways are called thalassostygobionts, and they often 
show phylogenetic affinities to extant marine taxa (mostly living in littoral areas around 
continental margins (Coineau & Boutin, 1992; Rouch & Danielopol, 1987). An example 
are the hadzioid amphipods with representatives in shallow littoral waters, marine and 
freshwater subterranean environments (mostly influenced by Cretaceous and Tertiary sea 
fluctuations) but not in limnic waters (Holsinger, 1994). 
Other stygofauna have freshwater origins, which means that the marine epigean ancestor 
firstly colonized surface fresh water via marine transgressions/regression or new niches 
exploitation. Secondly it moved underground widening its ecological niche (adaptive 
shift), or seeking refuge under constraints (climatic relicts), such as environmental 
changes (for example climatic changes, or river capture and leakages in karstic areas) 
(Coineau & Boutin, 1992; Holsinger, 1994, 2000). Stygofauna derived from epigean 
freshwater ancestors are called limnostygobionts and often have their closer relatives 
living in secluded freshwater habitats such as springs, streams and seeps (Holsinger, 
1994, 2000). The crangonyctoid amphipods are an example with all taxa occurring in 
freshwater habitats (Holsinger, 1994). 
Bathynellacea are stygofaunal crustaceans known from all continents except Antarctica, 
but with neither extant marine or surface relatives, nor fossil representatives (Coineau & 
Camacho, 2013; Schram, 1977), therefore the debate regarding their origins is ongoing. 
According to the thalassostygobiont origin (Boutin & Coineau, 1990; Camacho & 
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Coineau, 1989; Camacho & Valdecasas, 2008; Coineau & Boutin, 1992) the marine 
ancestor may have colonised interstices in marine littoral environments in different 
geological times. To explain the presence of stygofauna in areas never flooded by the sea, 
it is possible to envisage uplifting and then passive drift of organisms downstream 
(Coineau & Boutin, 1992). The presence of coastal species in saline water (Camacho & 
Coineau, 1989; Coineau, 1964; Schminke, 1972) is also evidence of their 
thalassostygobiont origin (Coineau & Camacho, 2013). According to Camacho (2003) the 
distribution of the genus Hexabathynella (Parabathynellidae) can be explained by 
vicariant models based on tectonic movements and marine regressions (Camacho, 2003). 
On the other hand, the analysis of Iberobathynella (Parabathynellidae) species 
distributions on the Iberian Peninsula only in part can be explained by sea-level 
fluctuations, but additional phenomena, such as extinction, deposition of geological 
formations and small scale dispersion might have been involved (Camacho et al., 2006). 
Instead, Schminke (1974, 1981, 2014) proposed a freshwater origin (limnostygobiont) for 
the Bathynellacea, where the marine euryhaline ancestors (able to tolerate changes in 
water salinity) would have actively colonized fresh water first (according to the adaptive 
shift hypothesis) and moved into the interstitial/subterranean environment later, thanks to 
a larval stage that became benthic to avoid river currents. According to this model, the 
ancestor would have dispersed on a large-scale after the adaptation to fresh 
water/groundwater, and the presence of littoral or estuarine species in saline water would 
be a secondary adaptation, and not evidence of their thalassostygobiont origin (Schminke, 
1972, 2014). The distribution of some species of the Atopobathynella genus on areas of 
the Yilgarn craton far from the WA coast and never inundated by sea since the 
Proterozoic would support the limnostygobiont origin of the group (Cho, Humphreys & 
Lee, 2006). 
Irrespective of the contrasting models for the origins of the Bathynellacea, most authors 
agree on their ancient origins in the Carboniferous-Permian Period (Coineau & Camacho, 
2013; Schminke, 1974; Schram, 1977). Bathynellacea present primitive morphological 
characters, such as furca (Brooks, 1962), and genera have Pangean or Gondwanan 
distributions (Coineau & Camacho, 2013). The study of crustacean fossils indicates a 
change in the fauna between the Palaeozoic and Mesozoic, with the extinction of most of 
the former fauna that would have been replaced by more advanced crustaceans (Schram, 
219 
 
1977). According to Schram (1977) some of the Palaeozoic taxa survived in 
brackish/freshwater refugia, for example the phreatoicidean isopods and syncarids, or in 
deep sea, such as the Tanaidacea order, and became isolated after the breakup of Pangea. 
The syncarids Parabathynellidae and Bathynellidae have a Pangean distribution and are 
confined to the interstitial subterranean realm (Coineau & Camacho, 2013). Some authors 
(Brooks, 1962; Schminke, 1973, 1974) have suggested that during the Carboniferous-
Permian periods the ancestors inhabited the marine environment around the coasts of 
Pangea. The distributions of some of the Parabathynellidae genera support this 
hypothesis. Hexabathynella species occur in four continents: Europe, Africa, Oceania, 
North and South America (Camacho, 2003), while others have Gondwanan heritage: 
Atopobathynella, found in South America, Australia, New Zealand and India; 
Parvulobathynella, found in South America, Africa and India; and Chillibathynella, 
found in Chile, Australia and India (Coineau & Camacho, 2013). These distributions 
suggest that the family was widespread and diversified in marine environment before the 
breakup of Pangea, and that the consequent habitat isolation during the Mesozoic and 
Cainozoic (due to the separation of landmasses) led to independent evolution (Coineau & 
Camacho, 2013). The lack of Bathynellacea fossils makes it difficult to estimate the 
period when this group colonised fresh water, but their putative freshwater invasion is 
attributed to the Triassic period, before the breakup of Pangea (Coineau & Camacho, 
2013; Schminke, 1973, 1974, 1981). We can also assume that such migration would have 
promoted further diversification of the marine ancestors that became “trapped” in 
different river catchments with more restricted boundaries, therefore we would expect an 
increase in the number of taxa after the transition due to inland hydrogeological barriers. 
Freshwater colonization would have then influenced the biogeographic history of the 
group, and successively vicariant and dispersal events would have led to the current 
distribution. It is also possible that Bathynellacea stygobitic ancestors further speciate in 
different times and through different mechanisms within the subterranean environment 
(Trontelj, 2018). 
Recent studies on the Australian Bathynellidae (a family of the Bathynellacea order) 
showed a quite diverse fauna, with many species and genera occurring within the same 
catchment and even within the same aquifer, and a very old and complex history (Little et 
al., 2016; Perina et al., 2018, 2019a). An analysis of the Bathynellidae divergence times 
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for species and genera occurring in the Pilbara region (see chapter V, (Perina et al., 
2019b) indicates that only part of the species diversification coincides with the 
aridification processes started in the Mid-Miocene (Byrne et al., 2008). This conflicts 
with the results obtained for other subterranean groups, for example the paramelitid 
amphipods (Finston et al., 2007), and tainisopid isopods (Finston, Francis & Johnson, 
2009) in the Pilbara, and the dytiscid beetles in the Yilgarn region (Cooper et al., 2002; 
Leys et al., 2003). Instead, part of the Bathynellidae diversification in the Pilbara region is 
much older, occurring in the Jurassic and Cretaceous periods (see chapter V, (Perina et 
al., 2019b)). A biogeographical study including additional data could help to understand 
the origins (clarifying some points of the controversial hypotheses supported by different 
authors), the distribution and the potential diversity of the group in Australia. Also, a 
molecular phylogeny of all known Bathynellidae will help to understand the relationships 
between the Australian fauna and other taxa described for other continents, supporting for 
example the hypothesis that Bathynella genus is not represented in Australia (Camacho et 
al., 2018; Perina et al., 2018; Serban, 2000). With this chapter I aimed to: 1) investigate 
Bathynellidae diversity and distribution at the continental scale comparing additional 
material from outside the three study areas considered in previous chapters (III-IV-V); 2) 
explore the biogeography of the family in Australia; 3) and put the Australian fauna into a 
global context. 
Materials and Methods 
Study area and Sampling Methods 
This study includes samples from Queensland and Western Australia (Figure 6.1), but it 
comprises more dense sampling on the north of Western Australia where relatively 
intensive surveying associated with mining activities has revealed an unexpected richness 
of subterranean fauna (Eberhard, Halse & Humphreys, 2005; Halse, 2018; Halse et al., 
2014; Humphreys, 1993b). 
The Pilbara bioregion and the three main areas considered (Upper and Lower Fortescue 
Catchment and north of the De Grey River) are introduced in previous chapters. 
Additional material has been included in this study from the following areas in the Pilbara 
(Figure 6.2): Yalleen (Onslow River Basin), Mindy-Coondiner (Upper Fortescue River), 
North Star (Port Hedland Coastal Basin), Pardoo (De Grey River north), and McPhee (De 
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Grey Basin). Specimens collected from other regions and states of Australia have also 
been included: Yeelirrie (Yilgarn, WA), Browns Range (Tanami, WA), Elimatta and East 
End (south-east Queensland) (Figure 6.1).  
Stygofauna sampling followed the EPA guidelines (Environmental Protection Authority, 
2003, 2007, 2013).  
 




Figure 6.2: Bathynellidae species distribution in the Pilbara region. 
 
DNA, species delimitation methods and data analysis  
Tissue sampling, DNA extraction, amplification, and sequencing follow (Perina et al., 
2018). 
Markers and primers used are listed in Table 6.1 (species and lineages considered in 




Table 6.1: List of markers and primers used 












16S 16SBathy-21F  5’ ARTAHAATCTGCCCGGTGAT 3’ (Perina et al., 2018) 
 









3’ (Giribet et al., 1996) 
 











18Sii 3F 5’ GTTCGATTCCGGAGAGGGA 3’ (Giribet et al., 1996) 
 
18Sbi 5’ GAGTCTCGTTCGTTATCGGA 3’ (Whiting, Carpenter & Wheeler, 1997) 














3’ (Nunn et al., 1996) 
 
LIMS (Laboratory Information Management Software) Biocode plug-in was used 
(http://www.mooreabiocode.org) to manage the molecular workflow. Raw 
chromatograms were imported into Geneious 10.2.4 software (Kearse et al., 2012), 
forward and reverse sequences were assembled, examined by eye and edited. Consensus 
sequences were generated and blasted in GenBank library to exclude any contaminations 
in the analyses. MAFFT (Multiple Alignment using Fast Fourier Transform) algorithm 
(Katoh et al., 2002) with default parameters was used to assemble the alignments. COI 
sequences were translated into amino acid chains to ensure I sequenced the coding 
sequence (no stop codons present). I used the online server GBlocks Version 0.91b 
(Castresana, 2000) to exclude poorly aligned sections of the 16S, 18S and 28S alignments 
using the less strict parameters. 
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To assess species boundaries, single COI, 16S, and 28S alignments with all 
sequences obtained (respectively 205, 195 and 187, including sequences from the 
Ethel Gorge, the Central Hamersley Range, and the Goldsworthy, see chapter III, IV, 
and V) were used in the Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 
2012) species delimitation method with Kimura 80 (K80) and Jukes-Cantor (JC69) 
distance, and default values (online websites: 
http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html). Single COI, 16S, and 28S 
Bayesian trees, constructed using MrBayes 3.2.5 (Ronquist et al., 2012), were 
implemented in the Poisson Tree Processes (PTP) (Zhang et al., 2013) species 
delimitation method with rooted trees (rooted at midpoint tree for 28S), excluding distant 
outgroups to improve the results, and leaving other parameters unvaried. Preliminary 
morphological analyses were done to support molecular species delimitation, but formal 
descriptions of the new taxa discovered will not be carried out in this chapter. For 
comparison with other studies conducted on bathynellids in the previous chapters and 
other stygofauna, COI uncorrected P-distance between all sequences, and within and 
between species mean distances were calculated (using Molecular Evolutionary Genetics 
Analysis (MEGA) 7.0 for bigger datasets (Kumar, Stecher & Tamura, 2016) using default 
values and 1000 bootstraps replications). COI possible codon substitution saturation was 
tested implementing the Xia’s test (Xia et al., 2003) in DAMBE7 (Xia, 2018).  
Concatenated gene trees using species and lineage representatives were constructed 
to explore the relationships amongst Australian taxa and lineages from other 
countries. Bayesian analysis, implemented in MrBayes on XSEDE (3.2.6) in CIPRES 
online server (Miller, Pfeiffer & Schwartz, 2010), and Maximum Likelihood (ML) 
analysis, implemented in RaxML_HPC_BlackBox (Randomized Axelerated Maximum 
Likelihood) in CIPRES, were performed on the concatenated alignment of COI, 16S, 28S, 
18S genes. The analysis was partitioned by genes in both methods. In the Bayesian 
analysis the models were unlinked, and COI partitioned by codon. Representative of 
species and lineages from Australia and other continents were selected, and 
Atopobathynella sp (undescribed species) from Browns Ranges (Tanami region) and 
Iberobathynella imuniensis were chosen as outgroups (Parabathynellidae). See Table 
6.2 for the list of datasets constructed for different analyses, their description, and the best 
models of nucleotide substitution selected by the Akaike information criterion (AIC) in 
jModeltest (Posada, 2008) and PartitionFinder 1.1.1 (Lanfear et al., 2012). The program 
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Tracer 1.6 (Rambaut et al., 2014) was used to assess the convergence of the Bayesian 
analysis, making sure that the Effective Sample Size (ESS) was above 200. The number 
of Markov Chain Monte Carlo (MCMC) generations run for the single gene trees, and the 
concatenate one are listed in Table 6.2. A burnin fraction of 0.25 was chosen and the 




Table 6.2: List of datasets constructed with description, best substitution model selected, analyses 
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Molecular clock and lineage through time analyses  
Molecular clock analysis was carried out to explore the origins of the Australian lineages. 
Divergence times were estimated using a Bayesian evolutionary analysis implemented in 
BEAST 2.8.4 program (Bouckaert et al., 2014) run in CIPRES online server. The 
concatenated alignment of COI-16S-28S-18S genes used in the analysis included 25 
sequences, one specimen per species (defined in previous chapters and through ABGD 
and PTP methods) with the most complete dataset. In the case of incomplete data, a 
chimera was assembled using different specimens belonging to the same species. COI 
alignment showed substitution saturation, therefore the third codon position was removed 
and the data was partitioned by gene with unlinked site and clock models, linked tree and 
Yule model. The best models of nucleotide substitution selected by the Akaike 
information criterion in jModeltest are listed in Table 6.2. We excluded the proportion of 
invariant site from the COI, 28S and 18S models to simplify the analysis and obtain 
convergence. A relaxed lognormal clock was set for all genes. Since no Bathynellacea 
fossils are available to calibrate the molecular clock, and COI was stripped of the third 
codon, 16S substitution rates from the literature obtained for other crustaceans were used, 
calculating the mean of the highest and lowest rate available. The 16S divergence rates of 
0.53% and 1.36% (Stillman & Reeb, 2001) were used to calculate the ucld.mean and 
sigma of the analysis. For the 16S ucld.mean we chose a normal distribution with 
mean=0.00473 and sigma=0.00126 (therefore 5% Quantile=0.00266 (corresponding to 
the 0.53% divergence rate) and 95% Quantile=0.0068 (corresponding to the 1.36% 
divergence rate). The ucld.Stdev of 16S was set as exponential with mean=1.5. 
Atopobathynella from the Tanami region was set as outgroup (Parabathynellidae). 2 x 108 
Monte Carlo Markov chains (MCMC) were run and convergence was assessed using 
Tracer 1.6, ensuring the Effective Sample Size (ESS) was above 200. Results of the 
BEAST analysis were summarized and annotated using TreeAnnotator 2.4.7 (Bouckaert 
et al., 2014) in a Maximum Clade Credibility tree, setting a 10% burinin, 0.5 posterior 
probability limit, and Common Ancestral node heights. The resulting tree was edited in 
Figtree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). The Maximum Clade Credibility 
(MCC) tree obtained in BEAST was imported in RStudio Version 1.1.456: Integrated 
Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/ and 




Preliminary morphological analyses were done for most of the lineages considered. Slides 
preparation followed the method described in chapter II (Perina & Camacho, 2016). The 
list of additional slides prepared is shown in Appendix 6.1. 
Delineations of species and genera are based on morphological and molecular data. 
Results 
Molecular results 
Not all material extracted for DNA was successfully sequenced and therefore could not 
be included. The success rate for each marker is summarised in Table 6.3 (material 
studied in previous chapters is not included in the table). Seventy-three specimens, 
including four Atopobathynella sp indet. (Parabathynellidae), from different Australian 
aquifers were sequenced and included in the ABGD and PTP species delimitation 
analyses. Fifty-three sequences (up to 610 bp) were obtained for COI. All COI fragments 
were translated and revealed no stop codons, suggesting they represented a functional 
COI gene. Thirty-six sequences up to 399 bp for the 16S mitochondrial fragment, thirty-
four sequences up to 1334 bp for the 28S rRNA, fifty-eight sequences up to 1918 bp for 
the 18S were obtained. A complete list of all specimens (including the ones from chapter 
III, IV and V) that have been extracted and sequenced at least for one marker is provided 
in Appendix 6.2. 








COI 96 53 55.2 
16S 75 36 48.0 
18Si 75 55 73.3 
18Sii 76 56 73.7 
18Siii 66 50 75.8 





COI, 16S and 28S trees with ABGD and PTP results are shown in Figure 6.3-6.4-6.5 
respectively. Ten and 11 species respectively for ABGD and PTP are recognised using 
the mitochondrial COI gene, but representative sequences are missing for Mindy-
Coondiner and Yalleen specimens. Each area and/or bore is identified by one species, 
excluding Snake bore, which contains two species according to PTP, and Browns Range, 
which contains three groups consistently identified by both methods. ABGD instead 
detected nine species through 16S with only one taxon for the Browns Range, and using 
PTP 12 taxa, with four taxa detected in the Browns Range. Sequences of specimens from 
the East End locality (QLD) could not be amplified for this marker. Both methods 
(ABGD and PTP) consistently identified nine species using the nuclear 28S gene, but 
representatives of specimens from Yalleen and Pardoo were not available; two taxa from 
Browns Range were recognised. COI P-distance between and within putative species 




Table 6.4: COI Estimates of Evolutionary Divergence over Sequence Pairs between putative species. Diagonally in bold: within bore P-distance with standard error. Above 
the diagonal: standard error. 
  1 2 3 4 5 6 7 8 9 10 
1 Bathynellidae PAR  - 0.020 0.022 0.023 0.022 0.022 0.022 0.021 0.023 0.022 
2 Bathynellidae McP 0.187  - 0.021 0.023 0.022 0.022 0.022 0.020 0.022 0.021 
3 Bathynellidae NS 0.219 0.227 
0.001 
(se=0.001) 0.021 0.021 0.020 0.020 0.021 0.021 0.021 
4 Bathynellidae BR1 0.263 0.267 0.234 
0.004 
(se=0.001) 0.012 0.021 0.022 0.021 0.021 0.021 
5 Bathynellidae BR2 0.255 0.278 0.246 0.094 
0.051 
(se=0.008) 0.020 0.021 0.020 0.020 0.020 
6 Bathynellidae YU1 0.245 0.258 0.215 0.236 0.230 
0.005 
(se=0.002) 0.021 0.020 0.021 0.021 
7 Bathynellidae Elimatta 0.267 0.281 0.231 0.254 0.255 0.235 
0.000 
(se=0.000) 0.020 0.021 0.022 
8 Bathynellidae Snake Bore 0.244 0.234 0.246 0.233 0.245 0.213 0.223 
0.022 
(se=0.006 0.021 0.021 
9 Atopobathynella sp BR 0.307 0.285 0.263 0.244 0.240 0.240 0.239 0.242 
0.004 
(se=0.002) 0.021 





Morphological data, ABGD and PTP species delimitation results applied to the nuclear 
28S marker, and molecular phylogeny were employed to define 23 species (12 species 
described and/or defined in chapters III-IV and V noting that Pilbaranella possible sp D 
is not considered as a separate species), two species from Yeelirrie area (Bathynellidae 
YU1 and Bathynellidae Snake Bore, Yilgarn), two species from Browns Range 
(Bathynellidae BR1 and BR2, Tanami), and seven species, one for each of the additional 
areas considered (Mindy-Coondiner (Bathynellidae MC), Elimatta (Bathynellidae 
Elimatta), Pardoo (Bathynellidae PAR), McPhee (Bathynellidae McP), North Star 
(Bathynellidae NS), Yalleen (Bathynellidae YAL), and East End (Bathynellidae EE)). 
Four genera have been described in previous chapters: Pilbaranella, Muccanella, 
Anguillanella, Fortescuenella. Preliminary morphological analyses have been done on 
part of the material considered here, recognizing differences at the generic level: two new 
putative genera respectively from Snake Bore and YU1 bore (Yilgarn), one new putative 
genus from Yalleen (Pilbara), one new putative genus from Browns Ranges (Tanami). A 
proposed new genus from East End in Queensland represents a new subfamily with 
morphological characters very distinctive from the other described subfamilies (the 




Figure 6.3: Results of the ABGD and PTP species delineation methods applied on COI. Species identified 




Figure 6.4: Results of the ABGD and PTP species delineation methods applied on 16S. Species identified in 




Figure 6.5: Results of the ABGD and PTP species delineation methods applied on 28S. Species identified in 
previous chapters (III, IV, V) are not counted here, and clades are collapsed for a clearer interpretation. 
Molecular phylogeny 
The Bayesian analysis of the concatenated alignment (COI-16S-28S-18S) of 3,595 bp and 
including representatives of species and lineages of bathynellids from different continents 
is presented in Figure 6.6. The maximum likelihood tree (see RaxML tree in Appendix 
6.3) showed slightly different topology, but identified the same major clades. The 
phylogeny consists of four major clades representing the subfamilies of 
Gallobathynellinae, Bathynellinae, the new subfamily from Queensland, and the known 
lineages from Australia (PP comprised between 0.91 and 1, BS comprised between 79 
and 100). Most of the deeper nodes in the Australian clade are not resolved, but a few 
supported relationships can be identified. Bathynellidae from Mindy-Coondiner (Upper 
Fortescue River) form a sister lineage (PP=1, BS=87) with the clade formed by 
Pilbaranella, Muccanella and Anguillanella genera. Bathynellidae from Snake bore 
(Yilgarn) and SV0138 (Lower Fortescue River) form a well-supported clade (PP=1, 
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BS=98), as well as lineages from Pardoo, McPhee and North Star (PP=1, BS=100), and 
the two species from South Australia (PP=1, BS-99). The new subfamily from East End 
in Queensland forms a monophyletic group (PP=1, BS=100) with some of the previously 
sequenced specimens occurring in the Dawson catchment (QLD) (Little et al., 2016). 
Other lineages collected from the same regions (such as south-east of Queensland, Pilbara 
and Yilgarn) do not form monophyletic groups. 
 
Figure 6.6: Bayesian consensus tree representing the known Bathynellidae taxa constructed using COI, 16S, 
28S, ITS2 and 18S alignments and model partitioning implemented in MrBayes. Numbers on branches 
represent Bayesian posterior probabilities. *Sequences retrieved from GenBank. 
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Molecular Clock analysis 
Figure 6.7 shows the molecular dating results obtained through the BEAST analysis of 
the concatenated alignment (Concatenate COI-16S-28S-18S BEAST alignment, Table 
6.2) including 25 sequences representing the species defined integrating morphology 
and/or the two species delimitation methods adopted (ABGD and PTP). Sequence 
chimeras have been assembled for three putative species combining data from two 
individuals each: WAMC57501 and WAMC60391 (Pilbaranella sp C), WAMC57529 
and WAMC57530 (Bathynellidae Snake Bore), WAMC57630 and WAMC57631 (nr 
Fortescuenella sp). Estimated dates for deeper nodes present large error bars, therefore 
uncertainties regarding divergence times have to be considered. Recent nodes have 
smaller confidence intervals and species divergence times range between 32.5 
(Pilbaranella species) and 9.3 Ma (Tanami species). Sister genera like Anguillanella and 
Muccanella from the north of the De Grey River share a common ancestor at 56.1 Ma, 
while the node between Pilbaranella species and the De Grey species is dated at 98.3 Ma. 
The node between the Pilbaranella-Muccanella-Anguillanella clade and Mindy-
Coondener lineage is well supported and goes back to 148.9 Ma. The Pardoo-McPhee-
North Star clade’s ancestor is dated at 60.8 Ma, while a well-supported node between 
Bathynellidae from Snake bore (Yilgarn) and Bathynellidae from SV0138 (Lower 
Fortescue) is at 130.5 Ma ago. The common ancestor between the new subfamily from 
Queensland and the other bathynellids considered is dated at 313.7 Ma, while the 
common ancestor shared with Parabathynellidae is at 356.4 Ma ago. 
The LTT graph highlights an increment in the number of species during the Jurassic and 




Figure 6.7: Maximum Clade Credibility (MCC) Tree inferred using a concatenated alignment of COI, 16S, 
28S and 18S alignment using BEAST. Node bars are 95% Higher Posterior Density, scale bar is in million 
years ago (Ma), starting from present 0. Numbers above bars = node age; green node = supported node; red 
node = not supported node. Top left: Lineage Through Time (LTT) graph constructed using the MCC tree. 
Discussion 
Australian Bathynellidae diversity 
Combining morphological and molecular data I recognize 23 new species and nine new 
genera, including a new subfamily for Queensland. Other lineages considered in the 
single gene trees (Figures 6.3-6.4-6.5), the concatenated phylogeny in Figure 6.6 and the 
molecular clock analysis in Figure 6.7 most likely represent new genera too (for a total of 
15 putative genera), but quality and quantity of the material did not allow a thorough 
morphological study. None of the species and none of the genera studied are widely 
distributed across Australia nor within bioregion. Instead they are restricted to each of the 
areas studied, and therefore considered Short Range Endemics, SREs, sensu Harvey 
(2002), and in most cases sampled from a single bore hole. A detailed description of the 




All material considered in this research comes from many surveys conducted by different 
environmental consulting companies in recent times (2008-2015), mostly related to 
mining development. Despite the remarkable sample effort, only a small percentage of the 
arid zones of Western Australia, and even a smaller percentage of other states, have been 
considered in this study. Additionally, only part of the material collected was suitable for 
morphological and molecular analyses, therefore the results of this research represent 
only a small portion of the real Bathynellidae diversity.  
Based on environmental consultants and researchers’ data, Halse (2018) estimated 300 
Bathynellacea species (Bathynellidae and Parabathynellidae) for the Pilbara region only. 
While this estimation of Bathynellacea species for the Pilbara region is very high, the 
actual number of taxa collected is much lower (70 putative taxa of Parabathynellidae and 
Bathynellidae together were collected by the Bennelongia consultancy up to 2018 (Halse, 
2018)). Also, Bathynellidae seem to occur less frequently than Parabathynellidae 
(Subterranean Ecology unpublished data; Biologic personal comment; personal 
observation), and accordingly with the findings of this study they appear to be quite rare 
in most of the aquifers.  
Each area considered in this study contained a unique Bathynellidae assemblage, and 
hence we can assume a very high turnover (beta diversity), with most of the unstudied 
aquifers (hydrologically isolated from the studied ones and in suitable geologies) 
potentially hosting new Bathynellidae species and genera (local endemisms). The 
presence of new taxa from south-east of Queensland representing a new subfamily 
indicates that multiple species, genera, and also subfamilies can occur within the same 
aquifer system. Despite the paucity and scarcity of data available at continent level, the 
results suggest that each region considered (Pilbara, Yilgarn, Tanami, south-east of 
Queensland) hosts distinct and distantly related lineages, but additional data are needed to 
better understand the phylogenetic relationships amongst Australian bathynellids. 
Bathynellidae phylogenetic diversity and turnover, especially in the arid zones of WA, 
seems to be quite unique, only comparable to a degree with the diversity of the sister 
family Parabathynellidae, which consists of species restricted to particular aquifer 
systems (Abrams et al., 2012; Abrams et al., 2013; Little et al., 2016). However, some 
Parabathynellidae genera have wider distributions within bioregions. For example, 
different species of Brevisomabathynella and Billibathynella in the Yilgarn can occur up 
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to 270 km apart (Cho & Humphreys, 2010; Hong & Cho, 2009), while Atopobathynella 
genus can be collected from different regions (Abrams et al., 2012; Abrams et al., 2013), 
and allegedly occurs in different continents (Coineau & Camacho, 2013). The 
subterranean Paramelitidae amphipods are also represented by localized genera and 
species (Finston et al., 2011; Finston et al., 2007; Finston, Johnson & Knott, 2008), but 
often the number of taxa within the same aquifer is higher than the number of taxa 
collected for bathynellids (Bennelongia, 2015; Halse, 2018; Perina, personal observation). 
Other stygofaunal groups, such as copepods and ostracods, are generally quite abundant 
in groundwater (Halse, 2018; Karanovic, 2007; Karanovic, 2004, 2006b) and represented 
by a higher number of species and genera, some of them widespread within and between 
bioregions (Halse et al., 2014; Karanovic, 2006a; Pesce & De Laurentiis, 1996). 
Differences in richness and distributions between bathynellids and other stygofaunal 
groups are probably due to the presence of surface relatives (potential source of 
subterranean diversification lacking in Bathynellacea), their origins, and their dispersal 
ability (which is very limited in Bathynellidae). 
The biogeography of Australian Bathynellidae  
Figure 6.7 shows the results of the molecular clock analysis from which the relationships 
and origins of Australian taxa might be extrapolated. Two periods with substantial 
increase in the rate of diversification are identified: one during the second half of the 
Cainozoic, and another one during the Jurassic Period. These two periods will be 
discussed in the following sections, however it needs to be considered that time estimates 
are strongly influenced by sampling and the rate of evolution used.  
Cainozoic diversification  
During the Cainozoic several species and sister genera diversified in different areas. As 
Humphreys suggested (2017), ancient subterranean taxa may have moved vertically 
through newly formed geologies (in this case calcrete and alluvium/colluvium) and 
perhaps speciated in different ways. The molecular clock analysis and the LTT graph in 
Figure 6.7 show an increase in the rate of diversification around 30 Ma ago until today. 
For example, the common ancestor of the Pilbaranella species is dated back to 32.5 Ma 
ago. Bathynellidae species in the Ethel Gorge area co-occur within the same aquifer 
system (and in some cases can be sampled from the same bore hole, see Fig 3.3, chapter 
III), suggesting a possible sympatric speciation perhaps due to the colonization of distinct 
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habitats/geologies formed in different periods within the same aquifer. Microallopatric 
speciation cannot be excluded and species from the same bore hole could actually occupy 
different habitats at different depths (Hose et al., 2017). However, the current sampling 
methods used for environmental impact assessments (Environmental Protection 
Authority, 2003, 2007, 2013) cannot help test this hypothesis since the water column in 
the bore, which is sampled in its entirety, intersects different aquifers at different depths 
and across different geologies.  
Other examples of the Cainozoic diversification are Fortescuenella serenitatis and nr 
Fortescuenella sp. (with a most recent common ancestor dated at 33.4 Ma ago), 
Anguillanella speciation (19.4-12.8 Ma ago), and the two species collected from the 
Browns Range in the Tanami region, with a most recent common ancestor dated at 9.3 
Ma ago, and most likely representing the same genus. The origins of the two sister genera 
Muccanella and Anguillanella are also dated back to the Early Cainozoic, and they seem 
to be the result of a vicariant event (see chapter V, (Perina et al., 2019b)).  
Evidence of ancient river catchments  
The relationships among species forming supported clades and their divergence time 
estimates can help to understand ancient river flow. An example is the Pardoo-McPhee-
North Star clade (Figures 6.6, 6.7). A detailed explanation of the modern and the putative 
ancient river flow in the area inferred by the relationships among the three species can be 
found in Appendix 6.5. The three species occur in two different river basins (De Grey and 
Port Hedland), but the relationships among the taxa indicate that the eastern Port Hedland 
Basin was probably part of the ancient De Grey Basin. If so, multiple vicariant events due 
to modern river systems formation in the late Cretaceous (Beard, 1973, 1998; Van de 
Graaff et al., 1977) may have shaped the distribution of bathynellids in the area. Similarly 
the phylogenetic relationships among different taxa of phreodrilid oligochaetes 
respectively from the North Shaw River and the Eel Creek (De Grey Basin), and the 
Turner River (Port Hedland Coast Basin) indicate the possible ancient hydrological 
connection between the two basins (Brown et al., 2015). 
Ancient connections between now separate river basins have been inferred by other 
stygofaunal groups. For example the amphipods collected from the Cane River and Seven 
Mile Creek, respectively in the Onslow and Ashburton Basins, are closely related in a 
molecular phylogeny (Finston et al., 2007), supporting the theory that the lower 
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Ashburton was flowing northwards to its present position, probably capturing the head 
streams of other watercourses, such as the Cane River (Wyrwoll, 1993). 
Ancient river flows can also help us to understand the relationship between lineages from 
the Upper Fortescue and De Grey River (Figures 6.6, 6.7). Pilbaranella species form a 
well-supported clade with Anguillanella and Muccanella genera from the north of the De 
Grey River, more than 300 km north of the Ethel Gorge (Figure 6.8). Their common 
ancestor is dated at 98.3 Ma ago (Figure 6.7), suggesting a past hydrological connection 
between the Upper Fortescue River and the north of the De Grey River in the Mid-
Cretaceous. This gives support to Beard’s (1973) hypothesis that the eastern Fortescue 
system formerly discharged toward the Davis River, a tributary of the Oakover River that 
flows north to join the Nullagine River and the De Grey River (Beard, 1973). The 
relationship between Pilbaranella and the Goldsworthy genera can be explained by 
vicariance, where a widespread ancestor had become isolated in the Upper Fortescue due 
to change in direction of flowing water during the development of the modern drainage 
systems in the Late Cretaceous (as suggested by Beard (1973) and Van de Graaff et al. 
(1977). However, it is not possible to exclude a dispersal model from one area to the 
other, a long-scale dispersion hypothesis, which would be based on an assumption that 
even organisms with poor mobility, such as bathynellids, can cover long distances in a 
geological time frame (Schminke, 2014). The limited data available, and a lack of 
Bathynellacea fossils to confirm the distribution of the ancestor prevent us from 
supporting one or other of the hypotheses.  
The lineage from the Mindy-Coondiner area in the Upper Fortescue, despite occurring 
less than 50 km from Pilbaranella’s locality, is not sister to this genus. The ancestor of 
the whole clade is dated back at the end of the Jurassic, indicating that a possible 
hydrological connection between the Ethel Gorge and Mindy-Coondiner area may have 
stopped 148.9 Ma ago. (Figure 6.7), while the most eastern part of the Fortescue River 
kept flowing towards the Davis River until the Upper Cretaceous. 
The examples mentioned above indicate that only part of Bathynellidae diversification in 
the arid zones of WA coincides with the described aridification processes which started in 
the Mid-Miocene and established by the Pliocene (Byrne et al., 2011; Byrne et al., 2008; 
Macphail & Stone, 2004; Martin, 2006) (see also chapter V, (Perina et al., 2019b)). 
Despite climate change being the main explanation for the distribution of many 
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subterranean groups in the Pilbara and Yilgarn regions (Cooper et al., 2007; Cooper et al., 
2002; Finston, Francis & Johnson, 2009; Finston et al., 2007), most of the diversity 
discovered in this chapter predate the onset of aridity. These data and interpretations also 
support part of the results obtained from the molecular clock analysis conducted on the 
sister group Parabathynellidae, although genera of this family in Australia seem to have 




Figure 6.8: Bathynellidae species distribution in the north east of Pilbara with modern and putative ancient 
water drainages. Upper Fortescue and De Grey river connection derived from Beard (1973). 
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Mesozoic diversification and the ancient origin of Bathynellidae in Australia 
The results from previous chapters (III, IV, and V), the molecular clock analysis in Figure 
6.7, and the molecular phylogeny in Figure 6.6 (that shows paraphyletic lineages from the 
same region or state, such as Pilbara, Yilgarn and Queensland) demonstrate the 
complexity and the ancient origins of this group. An earlier increase in the rate of 
diversification is shown during the Jurassic/Lower Cretaceous (206.4-130.5 Ma, Figure 
6.7), but most of the deeper nodes are not supported. These results highlight the paucity 
of samples and markers to resolve the phylogeny. In addition, given that the deeper nodes 
are close to each other with error bars overlapping, a polytomy can not be ruled out at this 
stage.  
Based on fossils of Bathynellacea’s putative relatives, such as the Palaeocaridacea dated 
back to the Carboniferous Period (Brooks, 1962; Schminke, 1974), and the Pangean and 
Gondwanan distribution of some Parabathynellidae genera (Coineau & Camacho, 2013), 
the origins of the Bathynellacea can be placed at the end of the Palaeozoic. Bathynellacea 
ancestors were already diversified in the Carboniferous or earlier (Coineau & Camacho, 
2013; Schminke, 1974), and probably inhabiting the sea around the coasts of Pangea 
(Schminke, 1973, 1974). Schram (1977) hypothesised a Laurentian origin based on fossils 
of similar and very primitive syncarids, the “minicarid” from Scotland (Schram, 1979), 
and a dispersion towards the rest of Pangea between the Permian and Triassic periods. 
We can then assume that the Bathynellidae family was also represented by different 
ancestral taxa in the marine environment around the margins of the Australian landmass 
at the end of the Palaeozoic. This study has put the divergence time between 
Bathynellidae and Parabathynellidae at 356.7 Ma ago, while the divergence between 
Australian Bathynellidae subfamilies is 313.7 Ma ago, supporting the hypothesis (Brooks, 
1962; Coineau & Camacho, 2013; Schminke, 1973, 1974) that Bathynellacean ancestors 
were already diversified in the marine environment at the end of the Palaeozoic. The 
Jurassic diversification of the Australian bathynellids shown in Figure 6.7 could instead 
indicate multiple freshwater colonisations by different marine ancestors that colonised 
fresh water in different areas. Freshwater colonization would have promoted further 
diversification of the founder that, being “trapped” in different river catchments with 
more restricted boundaries and inland hydrogeological barriers, would have gone through 
independent evolution. According to the divergence estimates, the putative colonization 
started 206.4 Ma ago, at the end of the Triassic, supporting the theory that Bathynellacea 
246 
 
has old freshwater origins attributed to this period (Coineau & Camacho, 2013; 
Schminke, 1974, 1981; Schram, 1977), and happened multiple times through the 
Jurassic/Lower Cretaceous. 
The possible mode of groundwater colonization 
The data collected so far for the Australian bathynellids cannot resolve the origins of the 
group. It seems that a mixed model of vicariance, perhaps facilitated by sea level 
fluctuations, successive dispersal during favourable conditions, and allopatric speciation 
due to periodically imposed geo-hydrological barriers could explain their diversity and 
distribution on the continent (see also chapter V, (Perina et al., 2019b)).  
Between the Mesozoic and the first half of the Cainozoic many marine 
transgressions/regressions occurred in Australia. In the early Jurassic (200-190 Ma ago) 
the sea-level around Australia was relatively high, an extensive river system covered 
2000 km from Central Australia towards the eastern coast, and a marine transgression 
encroached the eastern system of lakes. Geological data suggest a wetter climate with a 
persistently high water table through the year (BMR Palaeogeographic Group, 1990). The 
conditions during this period were favourable for the colonization of the inland water 
from marine fauna (through epigean or interstitial habitats), and the increase in the rate of 
diversification coincides with this period. An ancestral bathynellid, epigean or already 
interstitial, would have been transported inland facilitated by marine transgressions, and 
successively adapted to surface fresh water, in the case of epigean ancestor (Schminke, 
1974, 2014), or subterranean fresh water, in the case of interstitial ancestor (Boutin & 
Coineau, 1990; Camacho & Coineau, 1989; Coineau & Boutin, 1992). Sea encroachment, 
though, cannot completely explain the distribution of bathynellids in certain parts of the 
cratons that have been emerged since the Proterozoic (Humphreys, 2008). The ancestor 
would have had to disperse through the hyporheic/subterranean (if the ancestor was 
interstitial) or superficial environment (if the ancestor was epigean) to reach the areas that 
have not been submerged by the sea since the Precambrian. 
Another major rise in sea-level occurred also in the Cretaceous (137-110 Ma ago), with 
one of the most extensive flooding periods between 119-114 Ma ago, when many areas of 
the continent became submerged (BMR Palaeogeographic Group, 1990). This marine 
inundation could have possibly promoted the invasion of additional marine ancestors, 
eliminated some of the bathynellid ancestors already adapted to fresh water, or perhaps 
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facilitated their dispersion. Dispersion in altered salinity conditions for bathynellacean 
ancestors already adapted to fresh water may have happened thanks to their euryhalinity 
(Schminke, 1974; Siewing, 1956). Also, possible water stratification near coastal areas 
would have created “freshwater corridors” for fauna to survive and disperse. Today, 
lenses of fresh water laying on halocline and marine water still occur in anchialine 
systems near coastal areas where the sea comes in contact with groundwater (Pérez-
Moreno, Iliffe & Bracken-Grissom, 2016), for example in the Caribbean, Canary Islands, 
and Cape Range in the north western Australia (Humphreys, 2017). The sea level rise of 
the Cretaceous could explain the relationship between the Bathynellidae lineage occurring 
in the Yilgarn (from Snake bore, Yeelirrie) and the one collected from bore SV0138, in 
the central Hamersley Range, among the distribution of Fortescuenella serenitatis. The 
node is supported in the Maximum Likelihood and Bayesian analyses (respectively 
BS=98, PP=1) and in the molecular clock analysis, with a common ancestor dated 130.5 
Ma ago. The two bores are more than 600 km apart, in different bioregions, and this 
relationship could indicate a past hydrological connection between river systems of 
different regions in the Lower Cretaceous. Geological studies of the Yilgarn reveal that 
part of it have been uplifted significantly during Palaeozoic/Mesozoic, changing the 
direction of some water courses (González-Álvarez, Salama & Anand, 2016; Kohn et al., 
2002; Pernreiter et al., 2018), and possibly influencing the distribution of Bathynellidae 
ancestors. An alternative hypothesis could be that the ancestor of the two lineages was 
widespread in the marine environment and successively colonised freshwater and 
speciated in different areas, but additional data are needed to better understand the faunal 
relationships between the two regions. 
Australian bathynellids in a global context 
The phylogeny in Figure 6.6 shows the relationships between the Australian lineages and 
representative genera from other countries. The Australian fauna are monophyletic, 
despite the low support of some of the internal nodes in the clade, which probably reflects 
the paucity of data obtained and the need for additional material from different areas to 
better understand the distribution, as well as the need of additional genes to resolve the 
relationships among lineages. Australian bathynellids are also distinct from 
Gallobathynellinae and Bathynellinae subfamilies, corroborating the morphological 
analyses of the genera described so far. Currently, there are three morphologically 
described subfamilies: one from the northern hemisphere (Gallobathynellinae Serban, 
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Coineau & Delamare Deboutteville, 1971, from Europe and Texas); one from the 
southern hemisphere (Austrobathynellinae Delamare Deboutteville & Serban, 1973); and 
one from both hemispheres (Bathynellinae Grobben, 1905).  
The distribution of Bathynellinae is controversial as the species described from the 
southern hemisphere (two from Chile (Noodt, 1965) and one from Australia (Schminke, 
1973), allegedly belonging to Bathynella and therefore included in Bathynellinae). The 
subfamily should be revisited due to their poor descriptions and absence of genetic data. 
Additionally, Bathynella was originally described from Europe (Vejdovsky, 1882), and 
genera of this family are unlikely to have worldwide distributions (Camacho et al., 2018; 
Perina et al., 2018; Serban, 2000).  
Molecular analyses support the morphological study of the many taxa described, although 
many species (including the three species described for the Austrobathynellinae 
subfamily) are not represented in the phylogeny due to lack of fresh material needed for 
genetic data (Camacho et al., 2018; Perina et al., 2018, 2019a). The (true) Bathynella 
genus does not occur on the continent, while fresh material collected from different type 
localities in Europe, where Bathynella species were described from, form a monophyletic 
clade. 
The Australian Bathynellidae are also represented by at least two distinct subfamilies. 
One new and morphologically very distinctive subfamily comprises so far three lineages 
occurring in the south east of Queensland, most likely representing three species. The 
three lineages could also represent different genera, but part of the material was not 
available for morphological comparison, while specimens from East End area will be 
described as a new genus and species of the new subfamily (manuscript in preparation). 
Other Australian lineages show morphological similarities to Austrobathynellinae (see 
previous chapters), and could therefore represent this subfamily, but more material is 
needed for a systematic study and morphological analysis of the new taxa. 
Overview 
The material included in this research represents only a small portion of the Australian 
Bathynellidae diversity, however it suggests that Bathynellidae are remarkably diverse, 
and that regions, catchments and aquifers have a distinctive fauna at species and genus 
level with ancient and complex histories. The Australian Bathynellidae appear 
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monophyletic and very distinct from the fauna occurring in other continents. The 
Austrobathynellidae subfamily could be represented by some of the taxa discovered in 
WA (see previous chapters), while three lineages from south-east Queensland belong to a 
new undescribed subfamily morphologically very distinctive from all known ones.  
According to the molecular clock analysis, the origins of the Australian bathynellids date 
back to the end of the Palaeozoic, supporting the literature, and the colonization of fresh 
water on the continent is attributed to the Triassic-Jurassic Period, with multiple invasions 
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Chapter VII: Synthesis 
 
Bathynellidae live in an environment that has been increasingly exploited in the past few 
decades in Australia (but also around the world) due to human population expansion, 
agriculture and mining development (Boulton, Humphreys & Eberhard, 2003; Wada et 
al., 2010). Bathynellidae, along with many other subterranean organisms, are vulnerable 
to habitat changes due to restricted distributions and limited dispersal abilities, with a 
consequent high level of endemism (Asmyhr et al., 2014; Harvey et al., 2011). Habitat 
disruptions can involve extraction/dewatering and consequent groundwater level drop, 
often up to several meters (which can drain stygofauna suitable habitat). Other significant 
disruptions include pollution and water quality alteration, groundwater reinjection and 
surface topography remodelling (Environmental Protection Authority, 2013, 2016). These 
threats could result in changes to, or even extinction of, the local stygofauna community 
(Stumpp & Hose, 2013), including bathynellids, with a consequent loss of biodiversity 
and ecosystem services, such as water purification and nutrient cycling (Boulton et al., 
2008; Griebler & Avramov, 2015; Korbel & Hose, 2011). Disruptions could also 
influence above-ground groundwater dependent ecosystems, with consequences for 
vegetation and other surface species (Boulton et al., 2008; Boulton & Hancock, 2006). 
Hence, it is essential to understand stygofaunal species diversity and distribution, and to 
consider long-term survival prospects, integrating morphological, molecular, geological, 
hydrological, and ecological data available, and then determining their resilience to 
disturbance (Stumpp & Hose, 2013). 
The overall aim of this research was to explore the diversity and biogeography of a 
neglected group of stygofauna (the Bathynellidae family) in Australia, focussing on the 
arid zone of WA, and integrating morphological, molecular and geological data where 
possible. The purpose was to build a robust framework to work with, and to understand 
their diversity and origins, upon which suggestions can be made to protect and preserve 
their environment. Knowledge on Australian Bathynellidae diversity and distribution was 
very scarce, with limited molecular data available (Abrams et al., 2012; Cook et al., 2012; 
Little et al., 2016), with only one poorly described species from the State of Victoria 
(Schminke, 1973). This systematic study combined morphological and molecular data to 
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better understand distribution, species boundaries, population structure, and to predict the 
potential for new taxa in unexplored aquifers and regions.  
The morphological study of Bathynellidae is particularly challenging due to their small 
size (0.5 to 2.25 mm body length) and very delicate exoskeleton, which tends to be 
completely digested when using common clearing mounting media, making descriptions 
and future consultations very difficult. For this reason, a new method to work with small 
and fragile crustaceans has been developed and described in chapter II (Perina & 
Camacho, 2016). 
Bathynellidae’s conservative morphology also makes species and genera characterisation 
very difficult, which led to many uncertainties and taxonomic issues in the past (Camacho 
et al., 2018; Camacho et al., in press; Perina et al., 2018), hence molecular tools have 
been used to integrate and support the morphological work. In this thesis, markers not yet 
used for this family (such as the nuclear 28S and ITS2) and new primers (for example for 
the mitochondrial 16S and the first fragment of the nuclear 18S) have been developed, 
tested and successfully used to construct multilocus phylogenies that better represent the 
relationships among lineages. This study has also demonstrated that it is possible to 
obtain morphological and molecular data from the same specimen, even when the 
material is not fresh (i.e. collected few years earlier) as long as it has been stored in 100% 
ethanol and refrigerated. In most cases, enough DNA was extracted from three body 
segments and/or abdomen of the specimen (bearing no morphological features), while the 
rest of the body was used for morphological analysis.  
Four new species and genera (Pilbaranella ethelensis, Fortescuenella serenitatis, 
Anguillanella callawaensis, and Muccanella cundalinensis) have been described to 
understand morphological and molecular intra- and interspecific variability and genetic 
population structure. These four taxa represent the first four species described for 
Western Australia. An additional nine new genera and 23 new species were discovered 
through molecular species delineation and preliminary morphological analysis. A new 
species and genus with very distinct morphological features and collected from the south-
east of Queensland represents a new undescribed subfamily (Perina and Camacho 
personal observation).  
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All species and most genera studied appeared restricted to single aquifer systems in 
particular areas of a catchment. Accordingly, they can all be considered short range 
endemics (SREs), with distributions less than 10,000 km2 (Harvey, 2002). Hence it is 
likely that all aquifers that are hydrologically isolated host unique bathynellid taxa at 
species and genera level. The north-west of WA, and in particular the Pilbara region, 
contains one of the most diverse stygofauna in the world (Eberhard, Halse & Humphreys, 
2005; Halse, 2018) and this study confirms this pattern. However other areas (such as the 
Yilgarn, Tanami, and the south-east of Queensland) emerged since the Proterozoic and/or 
containing suitable habitat as the Pilbara (for example fractured-rock, calcrete, and 
alluvium/colluvium aquifers) might host a great Bathynellidae diversity.  
The biogeography of Australian Bathynellidae 
The molecular phylogeny of bathynellids in Australia indicates a complex history with 
polyphyletic lineages within regions (such as Pilbara, Yilgarn and south-east 
Queensland). Stygofauna studies have shown that aridification in the north-west of 
Australia started in the mid Miocene (Byrne et al., 2008; Van de Graaff et al., 1977) 
shaped the distribution of some groundwater taxa (Finston, Francis & Johnson, 2009; 
Finston et al., 2007; Leys et al., 2003; Majer et al., 2018). Aridity steadily isolated 
aquifers in the arid zones (see chapter V), but most of Bathynellidae diversity predates the 
establishment of the drought climate. A few clades of the molecular phylogeny reflect 
putative ancient river catchments (for example Pilbaranella-Muccanella-Anguillanella 
clade), while the molecular time estimates for putative subfamilies and genera suggest 
very old origins dating back to the end of Devonian/early Carboniferous, supporting some 
authors’ hypotheses based on bathynellaceans distribution and fossils of extinct relatives 
(Coineau & Camacho, 2013; Schminke, 1974; Schram, 1977). The Triassic-Jurassic 
Period saw a substantial increase in the rate of diversification, and this could reflect 
multiple freshwater invasions facilitated by sea level fluctuations and consequent 
dispersion due to a much wetter climate (BMR Palaeogeographic Group, 1990).  
Conservation and management  
Collecting and sorting stygofauna can take a long time, costs of field surveys are often 
very high, especially in remote arid zones of WA, and pastoral wells and bore holes 
drilled for mining purposes are usually the only way to access the subterranean 
environment (Halse et al., 2014). Therefore, material collected by environmental 
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consultant companies can be extremely useful when specimens and data are appropriately 
curated, allowing further and detailed studies beyond local assessment done by private 
companies. Unfortunately in most of the Australian states and territories there are no 
specific policies that consider and protect subterranean fauna (Tomlinson & Boulton, 
2008). Western Australian legislation is the strictest in the country with specific 
subterranean fauna guidelines (Environmental Protection Authority, 2013) for survey 
design, however specimen storage and preservation do not have standard protocols, which 
make forthcoming study of this material more difficult.  
While molecular tools are becoming common practice among consultants to support 
morphology and clarify species and distributional boundaries for Environmental Impact 
Assessments (EIAs), sequences obtained are not often vouchered in public repositories 
such GenBank, or the European Bioinformatics Institute (EMBL-EBI), and therefore not 
available to be included in broader analyses and publications that could help an overall 
understanding. A research approach that involves different stakeholders (such as 
government regulators, industry, environmental consultants, and academics) and close 
collaborations is necessary to meet different needs, and work towards a sustainable 
exploitation of the environmental resources (Gibson et al., 2019). 
Studies such as this one, using a thorough morphological and molecular methodology 
with descriptions of different species of Bathynellidae occurring in areas influenced by 
mining development will help future morphological identifications. Also, a molecular 
library is now available to compare further sequences and to better understand intra- and 
interspecific variability, fundamental for EIAs. This study is an important step forward 
for management and protection of Bathynellidae and their environment. Being one of the 
stygofaunal groups with most restricted ranges (see chapter VI), the preservation of 
Bathynellidae habitat would encompass the protection of most of the co-occurring 
groundwater dwellers, and hence facilitate the protection of broader biodiversity and 
groundwater dependent ecosystems. 
Australian Bathynellidae in a global context 
Few countries have been extensively sampled for bathynellids, and not many species have 
been officially described around the world (currently 107 species belonging to 34 genera) 
(Camacho et al., 2018; Camacho et al., in press). This study uncovered a wealth of 
Bathynellidae in different regions of Australia, focused on the Pilbara, comparable with 
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other well studied countries such as the Iberian peninsula (Camacho, Dorda & Rey, 2014) 
and Japan (Serban, 2000). The Australian fauna form a monophyletic group distinct from 
the other subfamilies described (Gallobathynellinae and Bathynellinae), and it represents 
at least two subfamilies: a new one from Queensland (manuscript in prep) and possibly 
Austrobathynellidae. The four genera described for WA share many characters with the 
Austrobathynellinae subfamily, however molecular data of the three species included in 
this subfamily are not available to confirm.  
Prior to the four genera described in this study, the only species named from Australia 
was included in the Bathynella genus (B. primaustraliensis Schminke, 1973). The results 
of the molecular phylogeny comprising representative taxa from other continents (see 
chapter VI), and including the true Bathynella collected from Slovenia and Italy 
(Camacho et al., in press), reject the hypothesis that Bathynella has a worldwide 
distribution and is represented in Australia (Camacho et al., 2018; Perina et al., 2018; 
Serban, 2000) 
Study limitations 
Not all the material available for this study was suitable for molecular and/or 
morphological analyses, and it only represented a very small portion of the estimated 
diversity of Bathynellidae in Australia (Halse, 2018). Additionally, samples were 
collected mostly from the Pilbara due to a remarkable mining development in this area, 
while other regions and states, such as Kimberley, south of WA, NSW, Northern 
Territory and Victoria are not represented and most likely harbour additional taxa. 
The molecular clock analysis considered only the taxa studied in this research with the 
most complete data set (COI, 16S, 28S, and 18S), while other Australian lineages with 
only COI and/or a short fragment of the nuclear 18S available from GenBank were not 
included due to incomplete datasets.  
Next generation approaches were not possible as all material studied came from 
environmental consultant collections and was not adequately curated for transcriptomics 




Additional material representing all regions of Australia should be included in a 
molecular phylogeny to better understand diversity and relationships amongst taxa, their 
origins and distributions. The systematic study of different aquifers in different regions 
and new molecular markers will help to resolve the deeper nodes of the molecular 
phylogeny. ITS2 fragment appears to be a good candidate to support species delimitation, 
but new primers need to be tested and/or designed for bathynellids, as the 5.8S2 and 28S2 
success rate was very low. Next generation approaches could also help the understanding 
of the group. 
Additional descriptions of taxa discovered through molecular data will help the 
parataxonomy carried out by consultants providing a morphological framework to help 
with specimen identification. 
A systematic study of the Yilgarn region (also influenced by mining development) could 
reveal a Bathynellidae richness similar to the Pilbara, considering that the sister family 
Parabathynellidae are well represented in this region (Abrams, 2012). 
Time and difficulties in manipulating Bathynellidae are considerable taxonomic 
obstacles, especially the morphological interpretation of the male thoracopod VIII (a 
modified limb used during the reproduction), which represents a fundamental character. 
In the past few decades, new methods have been used to describe and visualize 
invertebrates’ characters, such as 3D montage imaging (Ballarin et al., 2012), scanning 
electron microscopy (SEM) (McRae, Karanovic & Halse, 2015), and X-ray 
microtomography (or micro-CT) (Tessler et al., 2016). The 3D montage imaging and 
scanning electron microscopy had little success, and were not very useful to visualize 
small body parts (personal observation; Camacho A. I. personal comment, May 2015). 
The micro-CT technique has been also attempted during this research on few specimens 
of bathynellids with the support of Dr. Nikolai Tatarnic from the Western Australian 
Museum. Images obtained had low resolution (Figure 7.1A,B) probably due to the age of 
samples since tissues did not bind to the stain used (Nikolai Tatarnic personal comment, 
March 2018). However different mounting techniques and/or stains could give useful 
images (especially of the male thoracopod VIII) if applied on fresh material, and could 




Figure 7. 1: Bathynellidae CT scan photos. A: Pilbaranella ethelensis; B: Bathynellidae from Browns 
Range. 
Bathynellidae need a revision, especially of the genus Bathynella that currently comprises 
the majority of the species described on different continents. It can be proposed that this 
situation probably represents instead multiple genera (Camacho et al., 2018; Serban, 
2000). The study of new taxa using integrative taxonomy, as well as the collection of 
fresh material from type localities all around the world are necessary to build a molecular 
phylogeny to support morphology, and understand the relationships among taxa from 
different countries. A biogeographical analysis including lineages from different 
continents will help to clarify the origins of this group and perhaps the period of their 
freshwater colonization on different landmasses.  
The approach used in this work can be applied to many other stygofaunal taxa to explore 
their biodiversity and biogeography, and to better understand and protect the subterranean 
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Appendices chapter III 
Appendix 3.1: GenBank accession numbers for Pilbaranella, gen. nov.   







GenBank Accession Number 
CO1 18S 16S 28S 






527 – – 
Iberobathynella 






528 – – 
Paradoxiclamousella 
fideliA 
(in GenBank: Clamousella 


























513 – – 
Vejdovskybathynella 






525 – – 
Vejdovskybathynella 

















































































Pilbaranella sp. B W262 Australia 
WAMC5454
6 – – 
MF042
217 – 








































































Pilbaranella sp. A W262 Australia 
WAMC5730

























































































352 – – – 
Pilbaranella 












354 – – 
MF042
308 
Pilbaranella sp. B W262 Australia 
WAMC5733
4 – – 
MF042
235 – 


















Pilbaranella sp. A W013 Australia 
WAMC5744
8 – – 
MF042
238 – 
Pilbaranella sp. B W262 Australia 
WAMC5745










357 – – – 
Pilbaranella 




358 – – – 
Pilbaranella 




359 – – – 
Pilbaranella 




360 – – – 
Pilbaranella 




361 – – – 
Pilbaranella 




362 – – – 
Pilbaranella 



























































Pilbaranella sp. B W262 Australia 
WAMC5746












ethelensis W088 Australia 
WAMC5746
5 – – – – 
Pilbaranella 




369 – – – 
Pilbaranella 
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Pilbaranella poss. sp. 









Pilbaranella poss. sp. 










































380 – – – 
Pilbaranella 
ethelensis W79D Australia 
WAMC5748
0 – – 
MF042
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Pilbaranella sp. B F3NR Australia 
WAMC5748
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Pilbaranella sp. A EMP0139 Australia 
WAMC5749
5 – – – – 
Pilbaranella sp. A EMP0139 Australia 
WAMC5749
6 – – – – 
Pilbaranella sp. A EMP0139 Australia 
WAMC5749














Pilbaranella sp. A EXR0908 Australia 
WAMC5749
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Pilbaranella sp. C HEC0303 Australia 
WAMC5908

























































ethelensis W088 Australia 
WAMC6039

















Appendix 3.4: Coordinates of bore holes  
Bore code Latitude Longitude 
EMP0139 23°1803.20S 119°4344.10E 
EXR0908 23°1639.94S 119°2202.03E 
EXR0916 23°1641.51S 119°2312.00E 
F3NR 23°2051.66S 119°5013.83E 
HEC0303 23°1951.81S 119°4932.63E 
HHS0032 23°1743.30S 119°4323.20E 
HIST0723R 23°185.58S 119° 4452.68E 
HST0062R 23°1823.23S 119°4517.62E 
HST0186R 23°1840.50S 119°4538.70E 
HST0723R 23°185.58S 119°4452.68E 
HST0907R 23º1840.68S 1194535.22E 
OB23REG1 23°1936.88S 119°5059.14E 
T399 23°1703.36S 119°5207.06E 
T411A 23°2033.83S 119°4715.96E 
W013 23°2021.35S 119°4539.04E 
W088 23°2337.13S 119°4916.56E 
W099 23°2241.83S 119°5005.41E 
W262 23°1822.19S 119°5141.61E 
W79D 23°1942.18S 119°5039.38E 
WP14S 23°1856.59S 119°5108.10E 





Appendices chapter IV 
Appendix 4.1: GenBank accession numbers 





Country Voucher # COI   18S  16S 28S 
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Appendix 4.3: 16S Bayesian analysis 
 




Appendix 4.5: Western Australian Museum (WAM) registration numbers and collection details of the type series 
WAMC 




ens No Sex Remarks 
57313 
Western 
Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 male 




Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 fem 




Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 fem 




Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 fem 




Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 male 




Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 fem whole specimen for DNA; 
57319 
Western 
Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 fem 




Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 fem 




Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 fem whole specimen for DNA; 
57322 
Western 
Australia SOM049 22°8`30"S 117°31`46"E 7/12/2010 
 M. Weerheim& S. 
Catomore 1 male 









 Coen, N. & S. 
Catomore 1 juv 






Australia SMD0057 22°8` 4.02"S 
117°32` 
3.44"E 13/03/2011 
 Perina, G. & S. 
Catomore 1 fem 




Australia SMD0057 22°8` 4.02"S 
117°32` 
3.44"E 13/03/2011 








Australia SMD0057 22°8` 4.02"S 
117°32` 
3.44"E 13/03/2011 
 Perina, G. & S. 
Catomore 1 juv whole specimen for DNA; 
57387 
Western 
Australia SMD0057 22°8` 4.02"S 
117°32` 
3.44"E 13/03/2011 
 Perina, G. & S. 
Catomore 1 juv whole specimen for DNA; 
57388 
Western 
Australia SMD0057 22°8` 4.02"S 
117°32` 
3.44"E 13/03/2011 
 Perina, G. & S. 
Catomore 1 fem 









 Coen, N. & S. 
Catomore 1 fem 









 Coen, N. & S. 
Catomore 1 fem 









 Catomore, S. & N. 
Coen 1 fem 









 Catomore, S. & N. 








 Catomore, S. & N. 
Coen 1 fem 









 Perina, G. & S. 








 Perina, G. & S. 
Catomore 1 fem 









 Perina, G. & S. 










 Perina, G. & S. 
Catomore 1 na 









 Perina, G. & S. 
Catomore 1 male 









 Perina, G. & S. 
Catomore 1 fem 









 Coen, N. & S. 
Catomore 1 fem 









 Catomore, S. & P. 
Bell 1 fem 









 Catomore, S. & P. 
Bell 1 fem 









 Catomore, S. & P. 
Bell 1 male 









 Catomore, S. & P. 
Bell 1 na 









 Catomore, S. & P. 
Bell 1 na 









 Coen, N. & S. 








 Coen, N. & S. 
Catomore 1 fem 









 Perina, G. & S. 
Catomore 1 fem 





















Bell & Volschenk 1 fem 









 Coen, N. & S. 
Catomore 1 fem 









 Coen, N. & S. 
Catomore 1 fem 









 Coen, N. & S. 








 Catomore, S. & P. 








 Catomore, S. & P. 
Bell 1 fem 












Bennelongia 1 male 









 Catomore, S. & P. 
Bell 1 male 









 Perina, G. & S. 
Catomore 1 na whole specimen for DNA 
57605 
Western 
Australia SMD0057 22°8` 4.02"S 
117°32` 
3.44"E 31/03/2011 
 Coen, N. & S. 
Catomore 1 juv 




Australia SMD0057 22°8` 4.02"S 
117°32` 
3.44"E 19/05/2011 
 Coen, N. & S. 
Catomore 1 fem 









 Perina, G. & S. 
Catomore 1 fem 









 Perina, G. & S. 










 Perina, G. & S. 
Catomore 1 fem 









 Perina, G. & S. 
Catomore 1 fem 












































Appendices chapter V 
Appendix 5.1: GenBank accession numbers (WA: Western Australia; QLD: Queensland; 








GenBank Accession Numbers 
COI 18S 16S 28S ITS2 
Iberobathynella 
imuniensis 
































 -  -  - 
Bathynellidae 
sp.1 Lubra Water SA na 
JN81
7409 
 -  -  -  - 
Bathynellidae 























 -  -  - 
Antrobathynella 


















 -  -  - 
Gallobathynella 






 -  -  - 
Gallobathynella 






 -  -  - 
Paradoxiclamous







 -  -  - 
Paradoxiclamous
ella  fideli 
Fuente del 







 -  -  - 
Vejdovskybathyne




















































 -  -  -  - 
Pilbaranella 

































































































 -  -  - 
Bathynellidae 
Sheila Valley 









 -  - 
Anguillanella 














callawaensis CA0006 WA 
WAMC57
260 




callawaensis CA0006 WA 
WAMC57
262 

















callawaensis CA0006 WA 
WAMC57
264 













 -  - 
Anguillanella 













callawaensis CA0008 WA 
WAMC57
269 






callawaensis CA0008 WA 
WAMC57
270 






callawaensis CA0008 WA 
WAMC57
271 







callawaensis CA0011 WA 
WAMC57
274 







callawaensis CA0011 WA 
WAMC57
275 








callawaensis CA0011 WA 
WAMC57
277 



















callawaensis CA0012 WA 
WAMC57
280 







callawaensis CA0012 WA 
WAMC57
281 






















callawaensis CA0014 WA 
WAMC57
285 










































































cundalinensis CU0046 WA 
WAMC57
338 
















 -  - 
Muccanella 


























cundalinensis CU0064 WA 
WAMC57
343 





cundalinensis CU0064 WA 
WAMC57
344 





cundalinensis CU0064 WA 
WAMC57
347 
 -  - 
MN1
49295 
 -  - 
Muccanella 
cundalinensis CU0064 WA 
WAMC57
348 
 -  - 
MN1
49296 



























































































































































































callawaensis CA0157 WA 
WAMC57
370 







callawaensis CA0157 WA 
WAMC57
371 


































callawaensis CA0160 WA 
WAMC57
375 































































































































































































Appendix 5.3: Bore holes coordinates 
Bore Latitude Longitude 
CA0006 20°38’40.02"S 120°18’22.57"E 
CA0008 20°38’33"S 120°18’2"E 
CA0011 20°38’57"S 120°18’17"E 
CA0012 20°39’6"S 120°18’23"E 
CA0013 20° 39’ 12.96"S 120° 18’ 14.47"E 
CA0014 20° 38’ 51.10"S 120° 18’ 15.33"E 
CA0021 20° 38’ 41.92"S 120° 17’ 13.23"E 
CA0057 20°39’37"S 120°18’10"E 
CA0099 20°38’40"S 120°17’32"E 
CA0124 20°38’54"S 120°17’57"E 
CA0157 20°39’25"S 120°17’58"E 
CA0160 20°38’23"S 120°18’40"E 
CU0046 20°32’36.46"S 120°09’35.42"E 
CU0058 20°32’21.8"S 120°09’12.3"E 
CU0064 20°32’20.61"S 120°09’13.5"E 
CU0285 20°32’49.38"S 120°10’00.98"E 
YP1063 20°36’11.74"S 120°20’23.46"E 
YRP22 20°36’32.22"S 120°18’26.42"E 
 
Appendix 5.4: COI and 16S Minimum Spanning Network of the four genera constructed 




Appendices chapter VI 
Appendix 6.1: List of specimens on slide (na: not available) 
WAMC# morpho-sp sex 
body length 
[mm] bore  Location Region/State 
57600 
Bathynellidae 
BR2 male 1.15 BRAR012 Browns Range Tanami/WA 
57637 
Bathynellidae 
BR2 male 1.28 NMBRRC093 Browns Range Tanami/WA 
58099 
Bathynellidae 
BR1 male 1.12 BRWR0181 Browns Range Tanami/WA 
59200 Bathynellidae EE na 0.91 EE East End Queensland 
57521 Bathynellidae EE fem? 0.8 EEUN2 East End Queensland 
57522 Bathynellidae EE male 0.7 EEUN2 East End Queensland 
57526 Bathynellidae EE male 0.7 EEUN2 East End Queensland 
57527 Bathynellidae EE male 0.83 EEUN2 East End Queensland 
59222 Bathynellidae EE fem? 0.68 DHH96-33 East End Queensland 
59223 Bathynellidae EE male 0.68 DHH96-33 East End Queensland 
59224 Bathynellidae EE na 0.81 DHH96-30 East End Queensland 
59225 Bathynellidae EE fem? 0.63 DHH96-30 East End Queensland 
59226 Bathynellidae EE na 0.7168 EEUN2 East End Queensland 
59227 Bathynellidae EE na 0.7504 EEUN2 East End Queensland 
59228 Bathynellidae EE na 0.7168 EEUN2 East End Queensland 
59229 Bathynellidae EE na 0.728 EEUN2 East End Queensland 
59230 Bathynellidae EE na 0.728 EEUN2 East End Queensland 
59231 Bathynellidae EE na 0.8288 EEUN2 East End Queensland 
59232 Bathynellidae EE na 0.6832 EEUN2 East End Queensland 
59233 Bathynellidae EE na  EEUN2 East End Queensland 
59234 Bathynellidae EE na  EEUN2 East End Queensland 
57508 
Bathynellidae 
McP male na WBMC001 McPhee Pilbara/WA 
57502 
Bathynellidae 












YU1 fem 0.82 YU1 Yeelirrie Yilgarn/WA 
57529 
Bathynellidae 




Appendix 6.2: List of all specimens extracted (Ext) and amplified (ampl) at least for one 
marker. Segm=segment; spmn=specimen 
































































































































sp. A W262 
Eastern 




sp. A W262 
Eastern 




sp. A W262 
Eastern 




sp. A W262 
Eastern 






















sp. B WP56 
Eastern 




















































a serenitatis SOM049 Serenity Pilbara/WA 7/12/2010 3 body segm 
WAMC
57324 na Phoenix 
Davidson 
Creek Pilbara/WA 26/01/2011 3 body segm 
WAMC
57325 na Phoenix 
Davidson 
Creek Pilbara/WA 26/01/2011 3 body segm 
WAMC
57326 na Phoenix 
nr 
Couldbreak Pilbara/WA 21/10/2011 3 body segm 
WAMC
57327 na Phoenix 
nr 
Couldbreak Pilbara/WA 21/10/2011 3 body segm 
WAMC
57328 na Phoenix 
nr 








































sp. B W262 
Eastern 




sp. B W262 
Eastern 




sp. B W262 
Eastern 


























































































































































































































a serenitatis SV0523 
Sheila 




a serenitatis SV0523 
Sheila 




a serenitatis SV0523 
Sheila 




a serenitatis SV0804 
Sheila 








































































































sp. B W262 
Eastern 




























sp. B W262 
Eastern 
















































































sp. B WP14S 
Eastern 




sp. A W013 
Eastern 






























sp. B W262 
Eastern 










sp. B F3NR 
Eastern 












sp. B W013 
Eastern 
















































































































































































































































































































































a serenitatis SV0804 
Sheila 
















a serenitatis SV0804 
Sheila 






a serenitatis SV0804 
Sheila 




































































































































































































































































































































































































































































































a serenitatis SV0525 
Sheila 




a serenitatis SV0525 
Sheila 






a serenitatis SV0525 
Sheila 












sp. B W262 
Eastern 




sp. B W262 
Eastern 




sp. A W262 
Eastern 
Ridge Pilbara/WA 15/03/2014 


























































































































































a sp. SM5422 SM5422 
Solomon_Q





a sp. SM5423 SM5422 
Solomon_Q





a sp. SM5424 SM5422 
Solomon_Q





a sp. SM5425 SM5422 
Solomon_Q




57633 na SM5422 
Solomon_Q





a sp. SM5425 SM5422 
Solomon_Q




















































































lla Tanami BRR003 
Browns 































































































































































Appendix 6.3: RaxML tree built using the concatenated alignment of COI, 16S, 28S, and 





Appendix 6.4: Bathynellidae patterns of diversity in Australia 
The two species delineation methods (ABGD and PTP) applied to mitochondrial markers 
(COI and 16S) infer higher number of putative species, reflecting probably population 
structure (Asmyhr et al., 2014; Perina et al., 2018, 2019a), common in subterranean 
organisms with limited dispersal abilities (Harms et al., 2018), as found in chapter III, IV, 
V. The nuclear 28S gene seems instead more conservative, but still able to detect different 
species of the same genus (see chapter III and V) (Perina et al., 2018, 2019b). Hence, I 
decided to use the results of the ABGD and PTP applied to the 28S marker combined 
with morphology to delineate species. 
COI uncorrected pairwise distances amongst putative species considered are all above 
18%. Only the COI P-distance between the two species that most likely belong to the 
same genus from the Browns Range in the Tanami region is 9.4%, which is comparable 
to the mean P-distance calculated within Fortescuenella serenitatis and Anguillanella 
callawaensis (chapter IV and V) (Perina et al., 2019a, 2019b), while the P-distance within 
Bathynellidae BR1 and BR2 is 0.4 and 5.1%, respectively. A thorough morphological 
analysis of the Tanami bathynellids from the Browns Range, as well as additional genes 
are needed to confirm the presence of two species, or perhaps one taxon with a complex 
population structure. All of the other putative species have intraspecific P-distance very 
low (between 0 and 2.2%), but the number of specimens available was limited and 
individuals per taxon were restricted to few geographically close bore holes or just one. 
Seven putative species were collected from seven different areas (Yalleen, Mindy-
Coondiner, Pardoo, McPhee, North Star, Elimatta, Snake bore), and each species sampled 
from one bore hole only once, except the species from McPhee, which was collected 
during two sampling events five months apart, but still from the same bore hole. 
Bathynellidae EE was collected from two bores (about 1 km apart from each other) 
during the same day, while Bathynellidae YU1 was collected from two bores (about 3 km 
apart from each other) sampled within the same week. These sampling results indicate 
that bathynellids have very restricted ranges of distribution, and that they are often rare 
and mostly collected only once, although all the areas considered were sampled at least 
twice as per government guidelines (Environmental Protection Authority, 2003, 2007).  
The patterns of diversity revealed in chapter III (congeneric species of Pilbaranella in the 
Ethel aquifer) recurred in the Tanami region with two congeneric species within the same 
320 
 
aquifer system, while the pattern of diversity discovered in chapter IV recurred in the 
Yilgarn region with the two distantly related genera from the Yeelirrie area. The two 
distinct genera from the calcretes of the Yilgarn confirm the patterns of diversity and 
distribution of Bathynellacea in this region: distantly related genera of Parabathynellidae 
(Brevisomabathynella and Atopobathynella) are represented by several species in the 
surrounding area (Abrams et al., 2012), and in some cases geographically close to each 
other, for example Atopobathynella wattsi and Brevisomabathynella clayi occur in bores 
8.7 km apart from each other (Cho & Humphreys, 2010; Cho, Humphreys & Lee, 2006).  
Other results highlighted in this chapter suggest instead that congeneric species may 
occur in different areas. The most recent common ancestor between the species from 
Pardoo and McPhee (located 180 km apart) is dated at 16.6 Ma, and the time interval 
overlap with Pilbaranella and Anguillanella speciation, therefore these two species could 
represent the same genus, but additional material and sequences to confirm the molecular 
results and to conduct a thorough morphological analysis are needed to support this 
hypothesis. The North Star lineage, instead, probably represents a different genus as the 
node is dated at 60.8 Ma ago, time of divergence comparable with the one of the two 
sister genera Muccanella and Anguillanlla (56.1 Ma). 
Most of the samples were collected from Pilbara, therefore this region hosts most of the 
species discovered here. The alluvial aquifers of the south east of Queensland have a very 
diverse fauna too, with four clades and eight different lineages occurring in the Dawson 
and Condamine River catchments, most likely representing different genera (Figures 6.6-
6.7). One of this clade represents a new subfamily with multiple species collected from 
different areas of the same catchment (Little et al., 2016) (Figure 6.6). Bathynellidae have 
been also collected from alluvial aquifers in the north east of Australia (Cook et al., 
2012), confirming the importance of saturated unconsolidated deposits in hosting 
bathynellaceans diversity. 
The two lineages collected from South Australia (Abrams et al., 2012) and the allegedly 
Bathynella primaustraliensis from Victoria (Schminke, 1973) most likely represent new 




Appendix 6.5: Evidence of ancient river connections (Pardoo-McPhee-North Star clade) 
The two specimens of Bathynellidae McP were collected from a tributary of the 
Nullagine River, which flows north towards Warrawagine Station, then turns north-west 
to join the Oakover River and form the De Grey River (Traves, Casey & Wells, 1956) 
(Figure 6.8). The lineage from North Star was sampled from a tributary of the Turner 
River, which is now part of the Port Hedland Basin (Figure 6.8), and the taxon from 
Pardoo was collected from a bore hole near the Ridley River (De Grey Basin). The well 
supported clade (PP=1; BS=100) formed by these three species suggests a former 
hydrological connection between different basins prior the development of the modern 
drainage systems commenced in the late Cretaceous (Beard, 1973, 1998; Van de Graaff et 
al., 1977). The common ancestor of these three species, in fact, is dated back to 60.8 Ma 
ago, when rivers were probably flowing in different directions. The data suggest that the 
Upper Nullagine River was flowing west towards the Coongan and Shaw River, and then 
northward to connect with the Strelley River towards the ocean, while the tributary of the 
Turner River, where the Bathynellidae NS comes from, was flowing east towards the 
Strelley River and then north towards the sea. Both rivers would have been connected to 
the Ridley River and the bathynellid ancestor would have been widespread throughout 
these areas. With the development of the modern river drainages, probably related to 
some tectonic movements as suggested by the lower course of the Nullagine and Oakover 
Rivers (Beard, 1973), rivers and creeks changed their direction. The former tributary that 
was discharging east towards the Strelley Creek, started to flow west towards the Turner 
River and became part of the Port Hedland Basin (60.8 Ma ago: Bathynellidae NS 
became isolated). Later (16.6 Ma ago) the Upper Nullagine started to flow East and then 
towards the De Grey River, interrupting the connection between Bathynellidae McP and 
Bathynellidae PAR populations. In this case the distribution and relationships between 
species seem to reflect multiple vicariant events due to the modern river systems 
formation. Other stygofaunal groups reflect ancient connections between river basins, for 
example the amphipods collected from the Cane River and Seven Mile Creek, 
respectively in the Onslow and Ashburton Basins, show molecular affinities (Finston et 
al., 2007), supporting the theory that the lower Ashburton was flowing northwards to its 
present position, probably capturing the head streams of other watercourses, such as the 
Cane River (Wyrwoll, 1993). 
 
